
PEER-REVIEWED PLYBOND STRENGTH

Multiply forming technology plays
an important part in the manu-

facture of a wide range of paper and
paperboard products. It is being used
to produce medium- to high-basis-
weight grades because of fiber cost
economy, and to improve their prop-
erties [1, 2]. These benefits are made
possible by producing structured mul-
tiply webs. For example, the outer lay-
ers may be made with a furnish that
best meets the requirements of the
sheet surface, while the inner part of
the sheet would be made from a fur-
nish that meets other needs [1].

Multiply sheets,however,exhibit the
potential for delamination,i.e.,the break-
ing away of one ply from the other. The
strength of the bond between individual
layers, known as the plybond, is one of
the important quality requirements of
multiply products that must be con-
trolled.Meeting this requirement has be-
come more difficult these days due to re-
duced plybond strength of multiply
sheets. Increased use of recycled fibers

as raw materials, changes in sheet form-
ing processes that affect fines distribu-
tion of individual webs,and increases in
papermaking speeds that increase the
solids content of combining webs are
the main factors that adversely affect ply-
bond strength [1,3].

Spraying of natural starch slurry
onto the formed wet web has frequent-
ly been adopted to improve plybond
strength of paperboards. It is highly ef-
fective in terms of retention of starch
granules. By selecting the place where
the starch is sprayed it is possible to
control the z-directional distribution of
starch in the web. Spraying starch be-
fore the dry line,for instance,causes the
starch granules to be distributed more
evenly in the z-direction, since the suc-
tion force acting over the vacuum
boxes sucks the starch downward with
draining water [4, 5].

Uncooked starch granules sprayed
onto the wet web should be gelatinized
during drying to improve plybond
strength. Diverse factors, including the

amount and distribution of sprayed
starch in the web, gelatinization tem-
perature of the starch, solids content of
the web entering the dryer, and drying
rate will affect the development of ply-
bond strength from sprayed starch [5].

This conventional starch spraying
technique, however, can be less effec-
tive on modern, higher speed ma-
chines. Substantial speed increases of
multiply forming machines can cause
significant changes in many factors that
adversely affect plybond strength de-
velopment by sprayed starch. In gener-
al, the higher the nip pressure applied
by the couch roll and presses, the high-
er will be the plybond value within nor-
mal attainable limits [6].

Highly efficient pressing that in-
creases the wet web dryness after the
press often adversely affects plybond
strength development of multiply
board combined after starch spraying.
Spraying more starch frequently aggra-
vates the problem.This suggests that
when an excessive amount of starch is
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sprayed the starch particles tend to act
like filler particles and prevent inter-
fiber bonding [7].

Our preliminary study showed that
increasing the drying temperature also
reduces plybond strength.These phe-
nomena may occur because the defi-
ciency of moisture in the web prevents
the gelatinization of starch granules.

It is uneconomical and impractical
to slow down the paper machine or to
reduce the drying rate to the keep
moisture level of the web high enough
for extended period of time to improve
plybond strength of multiply board
sprayed with starch slurry. Obviously, a
new approach is required for improv-
ing the effectiveness of starch spray in
plybond strength improvement for
today’s high speed multiply board ma-
chines.

In this study,we investigated the ef-
fects of wet web dryness, amount of
starch sprayed,and drying temperature
on the development of plybond
strength.We used handsheets formed
with recycled softwood kraft pulp to
determine why the plybond of multiply
sheets decreases when they were
formed on high speed paper machines.
A new approach for improving the effi-
ciency of starch spray has also been in-
vestigated and optimization of the
starch blend was carried out based on
a three component mixture design
technique.

MATERIALS
Softwood bleached kraft pulp (SW-
BKP) in dry form was beaten in a labo-
ratory beater to 320 mL CSF. The beat-

en pulp was dewatered and bone-dried
at 105°C to obtain hornified recycled
fibers. Dried fibers were disintegrated
again and beaten to the same level of
freeness.The water retention value of
the freshly beaten pulp was 2.44 g
water/g fiber, while that of recycled
fiber was 1.84 g water/g fiber.The aver-
age length and weight weighted fiber
lengths of the recycled fiber were 1.35
mm and 1.83 mm, respectively.

To impart red color to a fraction of
fiber,we added 0.1% of a direct red dye
to the recycled SW-BKP before beating.
Unadsorbed dye was thoroughly re-
moved by washing the pulp and then
drying it.A handsheet prepared with
red colored fibers was joined with a
handsheet formed with untreated
white fibers after couching and then
pressed. No migration of red dye oc-
curred from the red sheet to the white
sheet. Dyeing caused no difference in
plybond strengths of two-ply hand-
sheets; i.e., one made by combining a
red and a white colored handsheets
and the other made with two uncol-
ored handsheets showed the same ply-
bond strength.This indicates that dye-
ing did not influence the interfiber
bonding property of fibers. Dyeing of
one layer was carried out to determine
the delamination layer for two-ply
sheets. If two different colored layers
were obtained after Scott internal bond
testing, it indicates that separation was
made between plies.When two patch-
colored or same-colored surfaces were
obtained after delamination,it indicates
that plybond strength between the two
layers was greater than the internal

bond strength of the sheet.
Natural corn starch (NCS) and two

oxidized corn starches (OCS) that differ
in gelatinization temperature and vis-
cosity have been used for spraying
(Table I). NCS showed the highest
Brookfield viscosity, while OCS-II with
low gelatinization temperature was
most fluid.The gelatinization tempera-
ture in Table I was measured as a tem-
perature range from the moment when
gelatinization started until 5% of the
starch granules lost their crystallization
characteristics.

METHODS
Handsheets with a basis weight of 100
g/m2 were formed on a laboratory
sheet mold modified to have a vacuum
dewatering system. We used vacuum
dewatering to control the dryness of
wet sheets.Vacuum level, the duration
of vacuum application, the number of
vacuum dewatering steps, etc., were
varied to obtain handsheets with dry-
ness ranging from 8.3% to 15% by ap-
proximately 1% intervals.

Starch slurry at 2.0% solids was
sprayed onto the wet web formed on
the sheet mold. Starch spraying equip-
ment designed to control the amount
of sprayed starch slurry was installed
on the handsheet mold frame. The
amount of starch spray ranged from 0.5
g/m2 to 2.0 g/m2, and it was controlled
within ±0.03 g/m2.

Two handsheets were joined to-
gether with wire sides facing outward
and pressed under the pressure of
6.3kg/cm2 for 5 min. A press felt and ab-
sorptive paper pad were placed on both
sides of the two-ply sheet before press-
ing.By doing so, the dryness of pressed
two-ply sheets was kept constant at
42.5%. Pressed sheets were dried using
a cylinder dryer.We used a drying tem-
perature of 100°C in all cases except
one set of experiments that examines
the effect of drying temperature. Cylin-
der temperature was varied from 50°C
to 100°C in 10°C intervals when the ef-
fect of drying rate was examined. Scott

Property NCS1 OCS-I2 OCS-II3

Mean granule size (�m) 13.3 13.3 13.7

Gelatinization temperature (°C) 62~72 55~65 50~60

Brookfield viscosity (cps, measured 
with No. 3 spindle, 5%, 50°C, 60 rpm) 760 125 7.

1 NCS: natural corn starch, 2 OCS-I: oxidized corn starch I, 3 OCS-II: oxidized corn
starch II 

I. Characteristics of starches.
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internal bond strength of the two- ply handsheets was deter-
mined according to TAPPI useful method UM 403.

RESULTS AND DISCUSSION
Effect of wet web dryness and 

amount of sprayed starch

Wet web dryness is one of the most critical factors affecting
plybond strength of multiply boards [5]. In fact, three differ-
ent types of wet web dryness should be considered for mul-
tiply board.They are the web dryness at which the starch is
sprayed, the dryness of each ply at the combining point and
the combined web dryness entering the press.These dry-
nesses are often different on commercial paper machines
since additional vacuum dewatering steps are involved after
spraying starch and combining plies.We may speculate the
effect of these drynesses of wet webs on plybond strength.
It is not possible,however, to show solid verifications on the
speculations due to practical difficulties associated with ex-
perimentations on this subject on a commercial machine.

It is well known that starch sprayed before the dry line
tends to migrate into the web along with draining water dur-
ing vacuum dewatering [5].This indicates that it is more ef-
fective to spray starch after the dry line to prevent starch mi-
gration into the web. Migration of starch granules can also
occur in pressing since it is a process that makes water con-
tained in the web move in z-direction.This means that the
improvement of plybond by the sprayed starch also depends
upon the dryness of the wet web entering the press.

The effect of wet web dryness before starch spraying and
amount of starch sprayed on plybond strength of two-ply
sheets is depicted in Fig. 1.The amount of starch spray did
not cause any variation in wet web dryness after pressing
which remained constant at 42.5%.Plybond strength of webs
containing no starch increased as the wet web dryness de-
creased, and the difference between maximum and mini-
mum values was greater than 90 kJ/m2.This indicates that
stronger contact between the plies is possible when the web
dryness is low. Free water that is present at the pickup nip
gives fluidity at the interface for migration of fines and fib-
rils.Fines at the interface fill the voids and promote more in-
timate surface contact between plies (6). Decrease of fines
content on the joining top sides of the handsheet due to high
vacuum dewatering appeared to be another main cause of
plybond reduction [5, 6].

Spraying 0.5–1.5 g/m2 of starch resulted in substantial in-
crease in plybond strength, and maximum strength was ob-
tained when the dryness of the wet web was around
10%–11%. Plybond strength decreased as the wet web dry-
ness decreased below 10% of dryness.We interpreted this
was observed because the migration of starch with the
water, press drained from the top side to wire side of the
combined web, caused a reduction in plybond strength. Ply-

bond reduction at low dryness range was less significant
when 1.5 g/m2 of starch was sprayed probably because the
loss derived from starch migration is less significant at high
spray levels of starch.It should be noted that a substantial re-
duction in plybond strength was observed when 2.0 g/m2 of
starch was sprayed.This suggested that spraying excessive
amount of starch would be detrimental to plybond strength.

Effect of drying temperature

The effect of drying temperature on the Scott internal bond
strength of the two-ply handsheets is depicted in Fig. 2.As
the temperature of drying cylinder increased, the plybond
strength increased,reached a maximum around 80°C and de-
creased again.When the dryer temperature was lower than
60°C, the plybond strength decreased as the amount of
sprayed starch was increased.This indicates that the pres-
ence of ungelatinized starch granules adversely affects the
plybond strength. It has been shown that uncooked starch
acts like a filler particle and reduces sheet strength [7].This
also shows that enough heat and moisture should be present
in the sheet for complete cookout of starch.

When the drying temperature ranged from 60°C to about
80°C, Scott internal bond strength increased abruptly. Espe-
cially, at the drying temperature of 70°C, substantial im-
provement was obtained with the handsheets containing 2.0
g/m2 of natural corn starch. Even though the starch was not
fully gelatinized at this temperature, swollen granules made
a significant contribution to the improvement of plybond
strength.At 80°C greater plybond strength was obtained

1.The effect of wet web dryness and spraying amount

of unmodified corn starch on the Scott internal bond

strength of two-ply handsheets.
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when the amount of sprayed starch was 1.5g/m2, i.e., starch
spray of 2.0 g/m2 gave lower plybond strength.This is most
probably because the web sprayed with 2.0 g/m2 of starch
was deficient in moisture for the starch granules to absorb
for full gelatinization.Scott internal bond strength of the two-
ply sheets with 2.0 g/m2 of starch substantially decreased
after the maximum as temperature increased above 80°C,
which was attributed to the rapid evaporation of moisture
from the web that restricted starch gelatinization.Reduction
in plybond strength at high drying temperature was ob-
served at all levels of starch spray.This shows that slow dry-
ing of the wet web at a temperature around 10°C higher than
the gelatinization temperature provides maximum benefits
of starch spray in improving plybond strength.

Figure 3 shows the change of sheet dryness with dry-
ing time at various temperatures.Obviously sheet dryness in-
creased more rapidly at high drying temperature.Dryness in-
creased almost linearly until it reached 90%.

In gelatinization of starch it is required for the web to
have enough moisture for an extended period of time at a
temperature above the gelatinization point.Drying the sheet
at a high temperature will increase sheet temperature and
the drying rate,but often results in incomplete gelatinization
of starch.This is because the moisture in the web would
evaporate too quickly for the starch to be gelatinized at high
temperatures.As the amount of starch spray increases, the
disadvantages of drying at high temperatures for plybond
strength improvement will increase since there are many
more starch granules competing for moisture.This explains
why the difference in plybond strengths between maxima

and dried at 100°C was substantially greater when the largest
amount of starch was sprayed (Fig.2).This clearly shows that
it is necessary to either decrease the drying rate or the gela-
tinization temperature of starches to obtain the full benefits
of starch spray in improving plybond strength.

Effect of starch mixture

Low web dryness at the dryer inlet and a relatively slow dry-
ing rate are required for efficient gelatinization of natural
starch, which is obviously impractical and uneconomical to
employ. Mixing of oxidized starch that gelatinizes at a lower
temperature than unmodified starch was examined as an al-
ternative method to improve the plybond strength when
high temperature drying was employed.It was expected that
low gelatinization temperature starch will gelatinize when
the sheet contains larger amount of water.And this will re-
duce the amount of water required to gelatinize the remain-
ing starch with high gelatinization temperature.

Figure 4 shows the effect of mixing ratios of OCS-II to
NCS on Scott internal bond strength of two-ply sheets.Spray-
ing oxidized starch only gave lower plybond strength than
NCS since it has lower bonding potential than NCS.And this
difference was most significant when 1.5 g/m2 of starch was
sprayed. Mixing of OCS-II provided no significant improve-
ment in plybond strength when 0.5 and 1.0 g/m2 of starch
was sprayed. Spraying 1.5 g/m2 of starch, however, gave sub-
stantial improvement in plybond strength. Most significant
improvement was obtained when 2.0 g/m2 of starch con-
taining 40% of OCS was sprayed.This was unexpected since
an increase of the sprayed starch from 1.5 g/m2 to 2.0 g/m2

3.The effect of drying temperature on the dryness of

two-ply handsheets.

2.The effects of drying temperature on the Scott inter-

nal bond strength of two-ply handsheets.



VOL. 6: NO. 5 TAPPI JOURNAL 7

PLYBOND STRENGTH

decreased bonding strength when NCS was used (Figs.1 and
2).This shows that almost complete gelatinization of starch
was obtained when a starch mixture was sprayed. This
demonstrates that it is very effective to have two different
starches with low and high gelatinization temperatures in im-
proving plybond strength when large amounts of starch
need to be sprayed.Mixing two different starches allows two
stage gelatinization of starches,and this allows both starches
to gelatinize more efficiently and contribute for the im-

provement of internal bond strength.
The same trend of plybond strength improvement was

observed when OCS-I was used along with NCS (Fig. 5).Im-
provement of plybond strength was also obtained when mix-
ture of two oxidized starches were sprayed (Fig.6).The mix-
ture of two oxidized starches only provided a marginal
increase in plybond strength since oxidized starches have
lower bonding potential than NCS.

Three-component mixture design

To extend our understanding of the influence of mixing
three starches on ply-
bond strength devel-
opment, we used a
three-component sim-
plex centroid design
technique [8, 9].

Figure 7 shows
the contour plots of
Scott internal bond
strength.Maximum in-
ternal bond strength
of 484.8 kJ/m2 was ob-
tained when the mix-
ing ratio NCS:OCS-
I:OCS-II was 6:5:4. In
this case,delamination
occurred not at the in-
terface but inside the sheet indicating the plybond strength
exceeds that of the internal bond strength.

4.The effects of mixing ratios of OCS-II to NCS on the

Scott internal bond strength of two-ply handsheets.

5.The effects of mixing ratios of OCS-I to NCS on the

Scott internal bond strength of two-ply handsheets.

6. Scott internal bond strength of two-ply handsheets

versus mixing ratios of OCS-II to OCS-I.

7. Contour plot for the Scott

internal bond strength of two-

ply handsheets sprayed 2.0

g/m2 of starch blends.
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CONCLUSIONS
We used handsheets made from recy-
cled softwood kraft pulp to investigate
the effects of wet web dryness, the
amount of starch slurry sprayed, and
drying temperature on the develop-
ment of plybond strength.

Plybond strength of the web con-
taining no starch increased as the wet
web dryness decreased.The difference
between maximum and minimum val-
ues was greater than 90 kJ/m2.This in-
dicates that stronger contact between
the layers is possible when the web
dryness is low.Spraying 0.5 to 1.5 g/m2

of starch resulted in a substantial in-
crease in plybond strength. Maximum
strength was obtained when the dry-
ness of the wet web was around
10%–11%.Plybond strength of the two-
ply sheets treated with starch spray de-
creased as the wet web dryness de-
creased below 10% of dryness. The
migration of starch with the water
press drained from the top side to wire
side of the combined web may have
caused this reduction. Substantial re-
duction in plybond strength was ob-
served when 2.0 g/m2 of starch was
sprayed.

When the drying temperature
ranged from 60°C to about 80°C, Scott
internal bond strength increased

abruptly. At a drying temperature of
80°C greater plybond strength was ob-
tained when the amount of starch was
1.5g/m2 rather than 2.0 g/m2, which
was attributed to the deficiency of
moisture for starch gelatinization at
higher spraying rate.

Mixing oxidized starch with a low
gelatinization temperature with natural
starch was very effective in improving
plybond strength when a large amount
of starch was applied.The influence on
plybond strength development of mix-
ing three starches was evaluated using
a three-component simplex centroid
design technique. Maximum internal
bond strength was obtained when the
mixing ratio of NCS:OCS-I:OCS-II was
6:5:4. TJ
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INSIGHTS FROM THE AUTHORS
We chose this research topic to find a way to reduce the
consumption of starch used for improving plybond strength
of multiply boards. This is the first research on starch spray-
ing from our laboratory. The effort was to find the best mix-
ing ratio of different starches for maximum plybonding. We
applied a three-component mixture design technique to ad-
dress this issue. The most interesting thing for us was to see
the role of moisture, temperature, and heating time in gela-
tinization of starch granules. It is especially noteworthy that
increasing the amount of starch will have no effect in ply-
bond when the multiply board machine runs fast. The starch
granule requires moisture, temperature, and time for its
gelatinization. The mill may benefit either by controlling the
moisture level of the wet web or by using proper starch
combinations for maximum plybond strength. 
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