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Abstract:

This lecture presents an in-depth analysis of the effect of relative humidity (RH) on paper’s mechanical
and structural properties. As a hygroscopic material, paper absorbs or desorbs moisture based on
ambient RH, significantly altering its behavior and performance. The lecture will focus on how varying
RH levels impact key mechanical strength properties, including tear strength, tensile strength, bursting
strength, and double fold endurance. Increased RH generally reduces these strength parameters due to
fiber swelling, weakened hydrogen bonding, and reduced inter-fiber friction.

In addition, the structural characteristics of paper will be examined. Properties such as grammage (GSM),
thickness, and bulk are sensitive to moisture uptake, which influences the paper’s density and dimensional
stability. Stiffness tends to decrease under high RH, affecting handling and printability. Surface-related
parameters like porosity and smoothness are discussed in the context of printing performance. The
differential characteristics of the top (felt) and bottom (wire) sides of the paper, as well as directional
properties—machine direction (MD) and cross direction (CD)—will be explained to their response to RH
changes. Curl formation due to uneven moisture distribution will also be addressed.

This lecture highlights the importance of controlling RH to ensure paper quality and performance.
Keywords: Relative humidity, Paper strength, Structural properties, Directionality, Curl

FACTORS AFFECTING PROPERTIES OF PAPER: The properties of paper are influenced by following parameters:

¢ Types of raw materials v Filler loading
¢  Degree of delignification ¢ Press load
v Types of pulping process v (alendaring

v  Degree of refining or beating v Moisture content
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A: Thick-walled fibers

THE INFLUENCE OF THE ENVIRONMENT ON PAPER
PROPERTIES: Cellulose is hygroscopic. A sheet of paper’s
moisture content depends on its surroundings’ relative
humidity. Moisture content is less influential on optical
properties. Therefore, it is necessary to condition a paper at
a relative humidity of 65+2% and a temperature of 27°C for
438 hours.

v  EFFECT OF MOISTURE CONTENT ON BASIS WEIGHT:
A rule of thumb is that the range of 20% to 60% change in
relative humidity results in 1% change in moisture content.
The exact relationship will vary from paper to paper. It will be
influenced by the types of fibers and non-fibrous additives in
the paper, with a precise basis weight correction over 20% to
80% relative humidity. The basis weight of mechanical fibers
is most sensitive to change in relative humidity, whereas
papers containing rag pulps or a-cellulose are the least
sensitive (Table 1).

Table-1: Correction of humidity for relative humidity
Source: Facts About Testing No. 4907, Thwing-Albert Instrument Corporation Co.

Relative Alpha cellulose Average Groundwood

humidity, and rag papers, papers, papers,

% % % o

20 +1.5 +2.5 +3.3
30 +1.0 +2.0 +2.7
40 +0.5 +1.0 +1.3
50 0.0 0.0 0.0
60 -0.5 -0.7 -1.2
65 -1.0 -1.5 -2.2
70 -1.7 -2.5 -3.7
75 -2.5 -4.0 -5.2
80 -35 -5.0 7.2

v  MECHANICAL PROPERTIES: The moisture influences
the pliability of paper fibers and affects interfiber bonding
with higher moisture contents, leading to greater pliability
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B: Thin-walled fibers

and weaker fiber-to-fiber bonds (Figure 1). Burst, tensile,
and double fold first increase with relative humidity up to
a certain level (up to relative humidity of 30-35%) and then
decline due to weakening of fiber-to-fiber bonds. The tear
strength increases up to an entire range of relative humidity,
and at a relative humidity of 80%, the curve will fall off
rapidly due to weakening of the fiber-to-fiber bond. Stiffness
continuously decreases with increased moisture content
due to loss of fiber flexibility. Softness is inversely related to
stiffness (Figure 2).
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98% R.H.
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Figure 1: Load elongation curve of paper at different relative humidity
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Figure 2: Effect of relative humidity on mechanical strength properties
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MECHANICAL STRENGTH PROPERTIES OF PAPER:

v  Tearing strength: The work done in tearing is measured
by the pendulum’s potential energy loss. A distance is made
between a tear test with and without a slit being made
before the tearing. Without a slit the energy is applied to
a large area because of the elasticity of the material. In
normal tear testing of paper a slit is made to concentrate
the energy. This is considered relevant because there will
always be small cuts in the edges of the paper, which will
act as a starting point for the tear fracture. Attempts have
been made to correlate these strength indices with various
end-use situations, such as evaluating web runnability,
controlling quality of newsprint, and characterizing the
toughness of packaging papers where the ability to absorb
shocks is essential (in the latter case one could suspect
that the relevance of the tear strength is secondary, and of
importance only because it correlates to some extent with
the more important property of tensile energy absorption).

The theory behind the tear strength of paper states that
the tear strength depends on how the fibers behave in the
rupture zone. At a low level of beating, fibers will be pulled
out intact as the fracture propagates across the sample,
because the inter-fiber bonds are weak compared to the
strength of the fibers. The necessary work that has to be done
to pull the fibers loose depends on the length of the fibers
as well as the bond strength. At higher levels of beating, the
inter-fiber bond strength will be higher, and fibers start to
break instead of being pulled out intact. 1t takes less work to
break a fiber than to pull it out (at least for long fibers), and
the tear strength goes through a maximum as bond strength
increases.

.
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Figure 3 (A) -
Out plane tear

(B) In plane
tear

The instrument measures the energy (work done) the
pendulum uses in tearing the test specimen. To convert to
average tearing force, the energy must be divided by the
total distance through which the force is applied. Instruments
of several capacities, e.g., 2000, 4000, 8000, and 16000
mN (200, 400, 800, 1600, and 3200 gf) are available. The
instrument recognized as ‘Standard’ for this method has
capacity of 100 gf (SI equivalent 1600. 9.80665/1000 =
15.7 Newton); it has a pendulum sector of such mass and
mass distribution that its 0 to 100 scale is direct reading in
gram force per ply when 16 plies are torn together.

For a 16-ply test specimen, the given tearing distance is
K = 16X 4.3 (tearing distance per ply) X2 = 137.6 cm
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Factor 2 is included since the force is applied twice the
distance when tearing a given length.

Likewise, for a 16 ply test specimen, the tearing energy per
ply for a scale reading of 100 would then be 100gf X 137.6
= 13760 gf.cm

We know that one kgf.m = 9.80665 joules
1f we have taken 8 sheets then,
Xx8x4.3x2=137.6
X =137.6/8x4.3x2
X=2

Therefore, 13760 gf.cm X 9.80665 X 1000
1000 X 100
= 13760 X 0.0980665 = 1349.4 Joules
One kgf = 9.80665 Newton
One gf = 9.80665 1000 = 9.80665 mN
1000
For 1600 gf tensile tester with 0-100 scale

Average tearing force, mN = 164 9.81 , Average scale reading
Number of plies

Average tearing force, gf = 16  Average scale reading
Number of plies

Tear factor
Tearing strength 100
Basis weight
Tear index, mNm?g = Tearing force in mN x m?
g

qf, m?,1000,9.80665
g.,1000, 100

Tear factor  0.0980665 = mNm?/g

Figure 4: A Tear tester

¢ Tensile strength of paper: The force per unit width
at rupture is called as Tensile strength. The tensile index in
N/m divided by grammage. The length of a strip of uniform
width beyond which, if such a strip were suspended by one
end, it would break by its own weight.

Stress: Force unit per area. (F/A) N/m?
Strain: Increase in length/Initial in length
Percent strain: AL/LX100

Modulus of elasticity: The constant of proportionality is
called Modulus of elasticity. The modulus for tensile and
compressive stresses is called Young's modulus.



Paper Making for

Non-Paper Maker Dr. Dharm Dutt

Stress = Modulus X strain

F/A =EXAUL
E=F/A Newton/meter? >
AL A\
e
R
A AL
?Elongation
Force p. - Ea %_E X
width -
F [N/m]} Figure 5: Tensile tester

v Bursting strength of paper: Bursting strength of a
material is defined as the maximum hydrostatic pressure
- c%j required producing rupture of the material when a controlled
and constantly increasing pressure is applied through a

krgf)z(lgdggﬁﬁs X 100 rubber diaphragm to a circular area 30.5 mm. The area of

the material under test is initially flat and held rigidly at the

- Eﬂ‘f X 0.980665 = kN/m circumference but is free to bulge during test.

Tensile index = KkN/m kNm/g
g/m?
Breaking length = kgf
15 mm X g/m? (In case the paper
thickness is not considered, strength is determined
by force per width)

Tensile strength = kg-force per centimeters (kgf/cm)

Since the load applied in the tensile tester is in kg
and the width of test strip is taken as 15 mm, the
load at rupture gives tensile strength in kgf/15mm
= kgf. m?. 1000. 1000
15mm.g
= kgf. m?>x10° = m
15 m. kg

Figure 6: Bursting strength tester

Mass: The Amount of matter in an object is measured in kg

(Weight: Force due to gravity acting on a mass, and it changes with The bursting strength is measured in g Jcm?

gravitational field (e.q., lighter on the Moon) One Newton per square meter (N/m?) = one Pascals (Pa)

Weight (W)=Mass (m)x Gravitational acceleration (g) W=mxg One kgf = 0.80665 Newton
(where g=9.81m/s on Earth) Gram force per square centimeter (gf/cm?) = 98.0665 Pascals
- - - . gram force, 100,100 x 9.80665 = 98.0665 pascals
Conversion of breaking length into tensile index cm?, 1000
) ] 65/1000 = 0.0980665 kPa
Breaking Length (m)=Tensile Index (Nm/g) x1000 If bursting strength is in gf/cm?
0.81
Breaking Length= Tensile Strength (N/m) Burst index = gf, 0.0980665 = kPam?/g
Weight per unit length (N/m) cm?/ g/m?
. Burst factor = gf/cm?

0 The Tensile Strength (N/m) tells us the amount g/m?, 100 , 100

of force per meter required to break the paper.

[ The Weight per unit length (N/m) tells us the

force per meter acting on the paper due to its own weight. ~ , gending stiffness of paper: The degree to which paper or
board resists bending when subjected to a bending force in
its intended use or when using a defined testing procedure
such as the one described in this test method.

Weight per unit length=Grammage (g/m?)x9.81m/s?
1000
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Stiffness unit: The common unit of stiffness measure used
with instruments of the type described in this test method.
Most Taber stiffness testers are calibrated in multiples of
this unit. One Taber stiffness unit (gram-force centimeters) is
equal to 0.0980665 milli Newton meters.
Where: b FxIPx60
S* = the bending oy
stiffness(Nm)

F = force (N)

I = length (m)

b = width (m)

©= angle (degree)
==

.

B

—
L

]
e

I

Figure 7 (A) Bending stiffness tester

(B) Rasonance tester

v Folding endurance of paper (Schopper type tester): The
fold number is the number of double folds the paper can
withstand before rupture. It is the most important property
of currency paper and maplitho paper.

Figure 8: Double fold tester

STRUCTURAL PROPERTIES:

Paper mills have their production quality standards, which
are kept secret. The critical properties may vary from mill to
mill, depending on the particular mill's wood and pulp raw
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material, etc. The paper properties vary very much with the
moisture content. A paper may be first class at one moisture
content. For instance, if it is over-dried, it may be completely
unacceptable. Tile optical properties are less influenced
by the moisture content than other properties, especially
mechanical strength properties. Before discussing paper
properties, one should always check the moisture content.

Accordingly, in the first category we discuss following
structural properties:

1. Basis weight/Grammage

2. Standardization of size

3. Thickness or Caliper

4. Bulk/Apparent density

In the second category we discuss:
5. Machine Direction (MD) and Cross Direction.(CD)
6. Top Side and Wire Side

7. Curl

8. Porosity

9. Smoothness

v Basis weight/Grammage

Both these properties are related to the surface of paper and
its weight. In English-speaking countries, the commercial
usage for expressing the weight per unit area of paper
has been “Basis weight,” “Ream weight,” or “Substance,”
defined as the weight of a given size in pounds per ream
(usually 500 sheets, occasionally 480 sheets).

From the consumer’s point of view, the relation between
weight and area is very important. The application of paper
is related to its area, and its cost is calculated by weight. The
higher the weight per unit area, the costlier the paper will
be. The customer, therefore, orders a paper that will give him
maximum surface at the lowest cost.

The basis weight of paper must be chosen based on the end
use of the paper. Say one were to publish 1000 copies of a
book with 100 pages of size 11.8"x8.3". The total surface
area required for this job will be (1000x100x11.8x8.3 inch2)
= 6108.7 m2. For this job, if he selects paper of basis weight
80 g/ M2 instead of 70g/ m2. The total paper weight for 80 g/
m2 will be 0.49 tons instead of 0.43 tons. Consider the cost of
paper is Rs . 40,000/- per tonne. In such a case, he has to pay
Rs. 19600/- (higher GSM) instead of Rs. 17,200/ for the same
job. Thus, a 100-page book with higher basis weight paper
will be thicker than a book of the same 100 pages but with
comparatively lower weight. Furthermore, the transportation
and postage charges of a 100-page book with a higher basis
weight will be increased.

However, basis weight affects the Mechanical strength
properties and some of the optical properties of paper. Paper
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with a larger basis weight will be stronger, stiffer, more
opaque (less see-through), and porous and bulky. Uniform
basis weight throughout the sheet or in different sheets and
no wire mark are the important properties. Non-uniformity
poses problems during printing.

Definition:

Dr. Dharm Dutt

of sheets and the ream size. The weight per unit area of
paperboard has been expressed as the weight in pounds per
1000 ft2. Generally, all heavy, stiff paper sheets 0.012 inch
thick or more, other than blotting paper, are considered to be
paperboard. The term also includes some materials of lesser
thickness (0.006-0.012 in.) such as certain liner boards,

corrugating material, and lightweight chip.
Basis weight is defined as the weight in pounds of a selected
number of sheets having a specific size. The bunch of this
number of sheets is known as “Ream” and the number of
sheets as “Ream size”. The basis weight is known as “Ream
weight” and expressed in the English system as pounds per
ream. To define ream weight one needs to define the size

In Table 5, ream size, sheet size (inches), and conversion
factors are given for converting the weight in pounds of
some customary trade sizes of 500-sheet reams (t) to grams
per square meter (g/m2) for paper/paperboard of different
grades.

Table-5: Customary trade sheet sizes ream sizes and conversion factors for various grades of paper and paper board.

Kind of paper Trade Size Ream size A B
(in.) (m to t) (t to m)
Writing & printing 17x22 500 0.266 3.760
(Demy size) 17%x22% 500 0.280 3.571
Blotting 19x24 500 0.324 3.083
Cover 20x26 500 0.370 2.704
Tissue (Double crown size) 20x30 500 0.427 2.343
Card board 22x28 500 0.438 2.282
Bristol & tag 22 Y% x28 Y% 500 0.456 2.195
News & wrapping 24x36 500 0.614 1.627
Book 25x38 500 0.675 1.480
Former Tappi standard size 25x40 500 0.711 1.406
Paper-board 1000 ft 0.205 4.831

A = 0.711 x (area of trade size in square inches + 1000)
B = 1406 (area of trade size sheet in square inches)

If the given trade size is in 480 sheets, then the above factor ‘A" Is multiplied by 48/50 (or 0.960 and B by 50/48 (or 1.042) for
conversion.

Measurement

Basis weight or ream weight is measured by either using a basis weight scale or by an ordinary scale. The basis weight scale
is calibrated to show the weight of 500 sheet so that if a sheet of say bond paper of size 17"x-22" is put on scale. The weight
indicated is ream weight (in Ibs) of bond paper.

Alternatively, the same sheet can also be weighed on an ordinary scale in grams. Multiplying this number by 1.1 (500/453.6, 1
Ibs = 4.53.6 gms) gives ream weight (in pounds).

Grammage / Substance

1SO committee TC6 on paper uses “Substance” (“grammage” in French) for weight per unit area, as do the British. The
word “Substance” is not recommended for use in this standard because of its many shades of meaning (Perhaps the French
“grammage” will eventually be generally adopted even in English-speaking countries because of its convenience and clear
relationship to g/m2). In English-speaking countries, the weight per unit area is expressed in grams per square meter. This may
be abbreviated to g/m2 or g per sq. m or gsm for convenience. Now it is the preferred system for TAPPI standards. Grammage
of different grades of paper is given in Table -6.

Table-6: Ream weight, Grammage and Conversion factor

Grade of paper Ream weight Grammage Conversion factor to grammage
(Ibs.)
Bond, writing, Ledger 13,16, 20,24 48,60,75,90 3.819
Newsprint 30 49 1.653
Tissues, toweling 10-35 16-57 1.653
Grocery bag, sack 30-60 49-98 1.653
Kraft liner boar 26,33,6842,47,69,90 127,161,186,205, 229,337,43 4.958
Corrugating medium 26 127 4.958
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For measuring the grammage select 10 representative sheets
each of Size 25x40 cm for paper and select 5 representative
sheets each of size 1 square foot for paper board. The
conditioned test specimens shall be trimmed to size and
then measured. The area of each test specimen shall he
determined with an accuracy of 0.5%. Compute the weight in
grams per square meter as follows;

Weight per unit area in g/m? = Kx W/A
Where W/A = Weight per unit area in the units of measurement

K = Conversion factor depending on the units of
measurement (value given in Table 7)

For paperboard the weight per unit area in pounds 1000
ft2 may he computed, if desired, directly from the indicated
weight of 1 ft? sheets or as follows:

Weight per unit area in pounds per 1000 ft> = 0.205 x weight
per unit area in grams per square meter.

Table -7: Conversion Factor

Units of Measurements Conversion factor (K)

Weight (W) Area (A)

Gram cm? 10,000

Gram in? 1,550
Indicated weight cm? 9,070

(Ib) for 500 sheet ream

Indicated weight in? 1,406

(Ib) for 500 sheet ream

v Standardization of sheet size:

Standardization of sheet sizes is required to have uniformity
and reduce the wastage. This has been done by International
organization for standardization. They have defined A, B,
and C series of sizes.

“A" Series Papers: The two conditions for determining the
size of the sheet are (i) the surface area of the A-0 sheet is
1 square meter, (ii) the length of the sheet is v2 times the
breadth. Accordingly, the dimensions of the sheet come out
to be 840mm x 1190mm. This sheet is designated as A-0.
If we divide this sheet into two sheets, each of area '~ m2,
the dimensions of each sheet will be (595 x 840 mm). Here
again, the length of the sheet is v2 times the breadth. This
is referred to as A-1. Similarly, dividing sheets into smaller
sizes leads to A-2, A-3, and A-4 sizes. Table 8 gives the sizes
and areas of various A series sheets.

Table -8: Size and area of A-series sheets

Sheet Dimension Area
A-0 1190 x 840 mm 1 m?
A-1 840 x 595 mm Vs m?
A-2 595 x 420 mm Vs m?
A-3 420 x 297.5 mm 1/8 m?
A-4 297.5 x 210 mm (298 x 210 mm) 1/16 m?

‘A- series sheet is used for general printed matter, including
stationery and publications. A4 size is widely used as
letterhead or for preparing reports. In North America, a
special size 280x210 mm (11" x 8 ¥4") is used as letterhead.
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A great advantage of having A series of sizes is that just
by knowing the weight of the sheet, one can calculate the
grammage by multiplying the weight by 2,if it is an A-n
sheet. Thus, if the weight of one A4-size sheet of bond paper
is 4.7 gms, its grammage will be 4.7 x 24 = 75.2 g/m2 (=20
Ib ream weight).

B- Series sheet falls exactly between two A-size sheets. The
dimension of B-0 is defined by (i) sheet area = 1.4 m2 (ii)
length is v2 times the breadth. B-1 is derived in the same
manner as A-1 from A-0, by folding the B-0 sheet exactly
half widthwise along the length. Similarly, B-2, B-3, and B-4
sheets are obtained. Table -9 gives sizes and area of various
‘B’ series sheets.

Table 9: Size and Area of B series sheets.

Sheet Dimension (mm)
B-0 1000 x 1414
B-1 707 x 1000
B-2 500 x 707
B-3 353 x 500
B-4 250 x 353

These sheets are primarily used for Posters.

C - Series sheets are defined by (i) the area of the C-0 sheet
as 1.2 m2, (ii) the lengths are v2 times the breadth. C-1 sheet
is derived in the same manner as B-1 from B-0 by folding
the C-0 sheet exactly halfway along its length. Similarly,
C-2, C-3, etc. sheets are obtained from the C-1 sheet, which
is derived from B-0 by folding it halfway along its length.
Similarly, C-2, C-3, and C-4 are derived. Table -10 gives sizes
and areas of various ‘C’ series sheets.

Table - 10: Sizes and area of C-series sheets

Sheet Dimension (mm)
C-0 917 x 1297
C-1 648 x 917
c-2 458 x 648
C-3 324 x 458
C-4 229 x 324

These sheets are used for envelopes and folders suitable for
enclosing stationary of the A-Series.
¢  Thickness or Caliper:

The caliper of paper or paperboard is defined as the
perpendicular distance between the two principal surfaces
of the paper or paperboard, or the distance between one
surface and the other of a sheet of paper or board. The
thickness of a paper sheet or board is called ‘Caliper’.

This property is expressed in ‘millimeters’ or micrometers
one Millionth of a meter) or thousandths of an inch (i.e. Mils
or points).

These units are related as shown below:

Caliper (micrometer) = 2.52 x 104 x caliper (inches)
= 10° caliper (mm)

Caliper points or mils) = 10° caliper inch.

The caliper of different grades of paper is given in table - 11
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Table - 11: Caliper of different grades of paper/boards

Paper mm Micrometer mp Inch Points
Capacitor 0.0076 7.6 0.0003 0.3
Facial tissue 0.065 65 0.0025 2.5
News print 0.085 85 0.0033 3.3
Duplicator 0.095 95 0.0037 3.7
Kraft 0.13 130 0.0051 5.1
Corrugating medium 0.23 230 0.009 9.0
Liner board 0.23 - 0.64 230 — 640 0.009 — 0.025 9.25
Card board 0.30 —2.00 300 - 2000 0.012 - 0.078 12.78

Thickness affects the mechanical, optical and electrical
properties of paper. Uniform thickness is most important in
printing paper since pressure exerted in printing process
is affected by thickness (Especially troublesome in colour
work). Thickness is a factor in the performance of condenser
papers, blotting papers & wrapping paper.

Measurement:

The caliper of paper is affected by moisture content.
The caliper of a conditional sample of paper or board is
determined with a Micrometer by keeping the paper between
two flat, ground, circular faces.

A movable face or pressure foot, having an area of 200 (+
15 - 40) mm? (equivalent to 0.25 - 0.33 inch? corresponding
to a diameter of fixed face 0.56 to 0.65 in, equivalent to 14.3
to 16.5 mm. Exert a study pressure on the specimen of 7.0
- 0.0 pounds per square inch or 0.49, 0.63 kg/cm? for 3+1
seconds.

Measure thickness at five different places. Find the average
thickness/caliper of a single sheet. Whereas bulking thickness
of paper or paperboard is the average single sheet thickness
in inches when a pile of several sheets is placed under a
steady pressure. The method of determining the bulking
thickness shall be used for finding the average thickness of
paper when placed in a pile for use in books.

Measurements made on standard steel thickness gauges
shall be within the following tolerances:

Intervals Permissible deviation of
reading from thickness of
standard steel gauge

0-0.25 mm 0.0025 mm

0-0.01in 0.0001 in

Over 0.25 mm to 1.02 mm 0.0051 mm

0.01t00.04 in 0.0002 in

Over 1.02 mm to 3.02 0.0102 mm

0.04t00.12in 0.0009 in
v Bulk:

The density of paper or paperboard is the weight per unit
volume or the apparent specific gravity and is usually
reported as grams per cubic centimeter. Since the paper
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is a complex mixture of cellulose, air (present in voids),
water (in the form of moisture), fillers, and other chemicals,
we measure the apparent density. Mass per unit volume
calculated from the grammage and bulking thickness of
paper. Apparent density depends upon the types of fibers
(whether thick-walled or thin-walled) and the extent of
refining or beating, etc. Thus bulky paper thicker or has high
caliper. It is defined as volume of limit mass of paper or bulk
is the reciprocal of the apparent density and it is calculated
bt the formula:

Bulk = thickness (Micrometer)
grammage (g/m?)

Bulk of different grades of paper is shown in table - 8.

Table - 12: Bulk of some important grades of paper.

Paper Grammage Caliper Bulk
Bond 75 95 1.26
News print 49 85 1.74
Tissue 20 65 3.25
Liner board 127 230 1.80

The highest bulk for absorbent tissue is required so that
it may absorb water easily while wiping hands and face.
Bond paper, news print, and liner board are made with
hulk because limited absorption of ink or glue is the
requirement. For a given grade of paper, if its ream weight
(Ibs) and caliper (points or microns) is known, its bulk may
be calculated (since its ream size and sheet size are already
known) using following formula:

A.B.D
Bulk = -------------
28761 x C
Where A = Thickness of paper (mils or points)
B= Area of sheet (sq. in, from sheet size)
C= Ream weight (Ibs)
D= Ream size

Bulking number is important for book papers. This is the
number of sheets required to give a thickness of 2.54 mm
(0.1") when under a pressure of 7-9 Ibs per sq in. It indicates
the thickness expected in the book when under the pressure
exerted in a binder. Paper with high bulk will be preferred.

v Machine direction /Cross direction

In the paper-making process, most of the fibres are aligned
along the direction in which Fourdrinier wire moves. Due to
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this orientation of fibres, paper is stronger in this direction.
The former direction is referred to as its Machine Direction
(MD), while perpendicular to this direction is called Cross
Direction (CD).

Definition:

The machine direction (MD) corresponds to the direction of flow
of fibres suspension on the paper machine. The cross direction
is at right angles to the machine direction. Physical properties
like tearing resistance, tensile strength, folding endurance
etc. of machine paper are usually different in the machine
are cross directions, therefore tests are carried out in both the
directions. Paper folds smoothly in the machine direction and
roughens or cross when folded with cross direction.

Identifications:

The following procedures are described to determine the
machine direction or cross direction of most grades of paper
and paper board.

¢  Float the specimen on water and note the direction of
curl. The axis of curl is parallel to the machine direction
of the paper. This method is not generally suited for
absorbent papers.

v Tear the two strips cut along MD and CD. The straight
tear indicates the machine direction, and the CD strip
leaves a more ragged edge.

v  Burst the sample as per the Tappi test method T-404.
The chief line of rupture will be at right angles to the
machine direction of the paper.

¢  Where there is a mark, the most prominent lines at right
angles to the machine direction. In most cases, the
wire mark is sufficiently clear to make this a conclusive
indicator of machine direction. For heavy boards, of
course, this is not applicable.

If the above tests are negative, then it must be assumed that
the paper is handmade. The test values of tensile strength,
double fold, and bending stiffness are higher in M.D. than in
C.D., whereas the test value of tearing strength is higher in
the cross direction compared to the machine direction.

¢ Top and wire side:

The wire side of paper is the side that was in contact with
the wire (Fourdrinier) of the paper machine; the other side,
termed as ‘top side’, is generally rougher than the top side.
This is due to (i) less concentration of fines on the wire side
than the top side. This is evident from the following table
that there is a difference between the top side and the wire
side in appearance, sizing & shades, etc. The paper surface
has improved surface strength (wax pick test), smoothness
& brightness on the top side compared to the bottom side.:

Identification:

Fold over a sheet of paper and observe the relative
smoothness and brightness of the two sides. Often the
pattern of diamond shaped impressions of the machine wire
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call he seen, thus identifying the wire side, the top side is
brighter than the wire side.

Dip a strip 2-3 cm wide and 5-10 c¢m long in water. The test
piece curls. The convex side of the curled piece is the wire
side. This is due to greater water absorption on the wire side,
which in turn is due to lesser sizing action on this side.

v  Measurement of smoothness, porosity, Cobb60 test helps
differentiate the wire and felt sides.

¢  The top side is less porous and smoother than the wire
side.

v Curl:

Curl is the tendency of paper by itself to bend or partly wrap
around the axis of one of its directions (figure 1).

Mostly curl is observed towards the wire side with the axis
along the machine direction. Curl is usually caused by

(i) Orientation of fibres.

(ii) Mechanical factors, e.g., a sheet stored as a roll for a
considerable time, a curl is observed when the sheet is
unrolled.

(iii) Variations in the moisture content in the sheet. Thus,
changes in humidity between the shipping point &
point of consumption, storing papers near radiators, in
Sunlight, or open windows may cause paper curling.
Curl is more pronounced with thin paper than with
a thick sheet because the former is less stiff. Curl is
undesirable for board, card, and stiffer papers, e.g.,
photographic paper, which are used in automatic
sorters, cheque paper, and copying paper. The following
are the possible causes for curling, and curling can be
reduced by adopting the following remedial measures.

Possible cause.
1. Wire side curl:

a) Increase the temperatures or pressures of the top dryers
after the size press.

b) Reduce the temperature or pressures of the bottom
dryers after the size press.

C) Reduce the temperature of the sweat dryer.

d) A high densometer value will aggravate curl. Free up the
stock.

e) After the fibre orientation on the wire.

f)  Alter the moisture pick-up on each side of the sheet at
the size press or the calendar stack.

2. Top side curl:

a) Decrease the temperature or pressures of the top dryers
after the size press.

b) Increase the temperature or pressures of the bottom
dryers after the size press.
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¢) Run cooling water in the spring roll.

d) A densometer value will aggravate curl. Free-up the stock.

e) Alter the fibre orientation on the wire.

Dr. Dharm Dutt

f)  Alter the moisture pick-up on each side of the sheet at the size press or the calender stack.

Figure 9: Curling

3. Bias or diagonal curl:

a) Correct for wire side or top side curl with dryer
temperatures or pressures as in (1) and (2).

b) Alter the fibre orientation on the wire by setting the
sheet on the wire as fast as possible (pressure formation)
and reducing the stroke of the shake.

c) Increase the short fibre content in the sheet. (Increase
Jordan's or increase hardwood content in the furniture).

d) Check that the dryers are properly evacuated.

e) Alter the moisture pick-up on each side of the sheet at
the size press or the Calendar stack.

v  Porosity:

During the process of sheet pressing, the interfibre spaces,
so-called capillaries or pores, are filled with air. Therefore, it
becomes porous like a foam mattress. The porosity depends
upon the degree of fibre collapsing. Generally, the thick,
walled fibres do not collapse readily and retain their tubular
structure during pressing. On the other hand, thin-walled
fibres collapse readily on pressing, hence the sheet becomes
dense. The extent of pore space in paper defines “Porosity”.
The larger the pore space, the larger the amount of air, and
the higher the porosity of the paper. The idea that paper is
porous originates from the observation that paper is lighter
than its constituents, such as cellulose and fillers (thus 1
cm3 of paper may weigh between 0.5 and 0.8 grams). The
amount of air may vary for different grades of paper, e.g., the
ground wood paper has the highest porosity, while glassine
has the least Table 13 and Figure 13).

Table - 13: Percent air volume in different grades of paper

Paper Grade Percent air volume
Ground wood 63.1
News print 53.1
Grease proof 43.2
Bond 34.2
Glassine 13.0
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It is very important to know about the degree of porosity
of paper with regard to the usage of paper in different
areas. Thus, when a paper sheet is to be waxed (e.g., bread
wrapping paper). It must have lower porosity if wax is to
he on the surface, and considerably higher porosity if wax
is soaked into a sheet. Porosity is one of the most important
properties for writing & printing paper, as it is related to ink
absorption. It is also important for coating base paper, which
indicates the degree of absorption of pigments. The porosity
must be less for grease-proof and oil-resistant papers. It is an
important property for unimpregnated electrical insulating
paper because of the influence of air on the dielectric constant.
Porosity is important in sack paper where bags have a certain
porosity to avoid bursting during filling through the valve
connection. In cigarette papers, the porosity is controlled by
the use of precipitated calcium carbonate filler to control the
burning rate. Anti-tarnish wrapping should have porosity as
low as possible to reduce the penetration of corrosive gases
that tarnish steel, Copper, and Silver articles. In gas mask
filter papers, pore size and porosity are important, which
are permeable to air but impermeable to smoke and fume
particles, and the same is true for car filters.

Measurement:

In the Gurley tester, porosity is measured as the air resistance
of paper. In this apparatus, one measures the time taken
for passing 100 ml of air through 6.45 cm? (1 in2) surface
area of the specimen. The schematic diagram of the Gurley
densitometer is shown in 13. The tester’s outer cylinder shall
be 254 high and shall have an internal diameter of 82.6 mm,
partly filled with oil having a viscosity of 60 -70 seconds.

Say bolt universal at 37.8 °C and a movable inner cylinder
which is graduated in units of 50 mL, 254 mm high and
external diameters of 74.1 mm and internal diameter or
having a top closed by a specimen, which slides freely in
the outer cylinders. The specimen is clamped at the top
above the elastic gasket attached to the clamping plate.
This arrangement prevents air leakage between the surface
of the paper and the clamping plate. It also ensures that
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almost all air passes through the specimen surface while the
inner cylinder floats down slowly. The scale reads volume of
air passed through the given surface area of the specimen.
One measures the time taken for the passage of 100 ml of
air. A higher test value is indicative of less pore space and
vice versa. Hence the test indicates how dense paper is.
Accordingly, this tester is also called the Gurley densometer.

In the Bendsten tester, paper is sandwiched tightly between
two rubber orifices to avoid sideways air leaks. The flow rate
of air is an indicator of porosity. A higher test value indicates
higher porosity.
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The two important factors that affect smoothness are pressure
and moisture content. The air-flow type instruments all test
the sheet under a certain pressure. Since some papers are
more compressible than others, the effect of test pressure
is not constant between different grades. 1t is clear that
increasing the pressure leads to an increase in the measured
smoothness. The influence of moisture on smoothness tests
is also related to sheet compressibility. Paper becomes more
compressible as its moisture content increases, leading to a
greater measured smoothness.

DENSOMETIR
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Figure 10: Porosity test (Schematic)

Measurement:

Four routine tests and evaluation of smoothness, one uses air-
flow methods. These methods are simple, give smoothness
values that are reliable and correlate well with the end use.
Three types of testers are used to measure the smoothness of
paper, which is described below:

In the Bekk smoothness tester, one surface of the paper is in
contact with a flat and polished glass plate, while the other
surface of the paper is in contact (under pressure) with a
rubber plate. When air is pressed, it flows through the gap
between the glass surface and the paper surface (Fig. 13).
One measures the time required for 10 ml of air to flow
through this gap. If a surface is smooth, it will take more
time for air to flow through this gap. For a rough surface, the
same amount of air will take less time. So, a higher test value
indicates smoother paper, and a lower value indicates less
smooth or rougher paper.

In case of Sheffield (or Bendtsen) tester, the upper surface
is in contact with a ring orifice, while its lower surface is
backed by an optically plane glass plate which prevents air
flow through the sheet.

¢ Smoothness

It is common to say that paper has a smooth or a rough
texture, meaning that the surface irreqularities are small or
large. A wide range of surface textures is available in paper
today. In contrast to a flat surface, a paper surface may
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have hills and valleys, thereby representing a rough surface
(Fig.14). The Presence of these variations to a lesser extent
characterizes a smoother surface (Fig.14 ), with the extreme
case being that of a flat surface (which does not have these
surface irreqularities. Thus, the surface has a varying degree
of smoothness, referred to as having either a “smooth” or
rough texture. Even a super calendared, coated sheet exhibits
a certain amount of surface irregularity when viewed at high
magnification. The degree of irregularities in this case will,
however, be much less than grocery bag paper. In the paper
industry, the quality of the surface is commonly referred to
as its finish, which may be spoken of as high or low, good
or poor, smooth or rough. Smoothness is a very important
property in a wide variety of papers, such as printing papers,
etc. In writing papers and envelopes, it smooth surface is
significant with respect to handwriting, type writing, and
erasure. The smooth, easy travel of pen and pencil across
the paper is an important end use requirement. In many
instances too high degree of smoothness can be undesirable
since smoothness and slippage go hand in hand.

Paper’s smoothness is affected by several raw material and
processing variables. In general, the use of shorter and finer
fibres increases smoothness, as does the addition of filler
pigment, which fills the tile spaces between fibres and on
the sheet surface.

During the experiment, the air passes through the gap
between the ring orifice and the upper surface of the paper
(Fig. 14), and its flow rate is measured. Higher flow rate will



Paper Making for
Non-Paper Maker

be observed for a rough surface because a larger amount of
air will pass through the gap per unit time. Hence, a higher
test value indicates a rougher surface. This is the opposite of
the observation in the Bekk tester. In both of the above two
tests, it is possible to distinguish between the smoothness of
the top side and the wire side. 1t is possible by knowing the
test value by keeping top side in contact with ring orifice and
then knowing the values after reversing the sides.

Third type of Lester is Gurley tester. In this test, a pack of
several sheets is put between a flat backing and an upper
flat rimmed orifice plate. This kind of arrangement forces the
air to pass through the sides of the paper (Fig.14). The Time
taken by 100 ml of air to escape in this manner indicates the
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smoothness of the paper. A smoother paper, like a Bekk tester,
will show a higher value while a rough paper will show a
lower value. Since in this test both the top side and the wire
side are involved in the passage of air, it is not feasible to
distinguish between the top side and the wire side by using
this tester.

Although, the three tests are same in principle, they differ in
terms of e.g. backing medium, dimension of measuring land,
air pressure difference and clamping pressure. Consequently,
smoothness measured from the three testers on same paper
is expected to differ. Smoothness values for different grades
of paper measured from three testers are given in Table -14.

Table - 14: Smoothness of different papers

Paper Bekk Gurley Sheffield
WS FS WS FS
Newsprint 32 32 66 145 142
Duplicator 34 42 176 135 130
Kraft envelop 16 19 64 255 262
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Figure 11: (A) Bekk smoothness (B) Sheffield smoothness (C) Gurley smoothness (D) Surface irregularities

CONCLUSION - A comprehensive understanding of the mechanical, structural, and optical properties of paper is crucial for
determining its quality, performance, and end-use suitability. Mechanical strength properties such as tear index, tensile index,
burst index, stiffness, and double fold provide insight into the paper’s ability to withstand mechanical stress during processing,
handling, and usage. These characteristics are essential for ensuring durability and functional reliability. Structural properties
like GSM (grammage), thickness, bulk, machine direction (MD) and cross direction (CD) characteristics, porosity, curl, top and
bottom side differences, and surface smoothness define the physical structure of paper and influence its runnability, printability,
ink absorption, and dimensional stability. Optical properties such as brightness and opacity play a critical role in the paper’s
visual appeal and readability, particularly in printing and publishing applications. Standardisation of these properties ensures
consistency, facilitates quality control, and supports optimisation in paper manufacturing and converting processes. Overall,
knowledge of these parameters enables stakeholders across the paper value chain to make informed decisions regarding

material selection and application.
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