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AGENDA
PAPER PROPERTIES AND USES
PROJECT ADVISORY COMMITTEE
October 25-26, 1984
The Institute of Paper Chemistry
Continuing Education Center
Appleton, Wisconsin
Thursday -- October 25
12:00 pm -- Lunch (CEC Dining Room)
1:00

-- Welcome/Introductions

1:15

-- Research Overview

1:30

-- PROJECT REVIEWS:

- Process, Properties, Product Relationships
- Elastic Properties

- On-line Measurement of Paper Mechanical
Properties
3:00

-- Coffee Break

3:30

-- PROJECT REVIEWS:
- Shear Deformation and Failure

- SEM/EDS Distribution and Quantification of
Fillers in Paper
- Measurement of Fiber Properties and Fiber-toFiber Bonding
- Single Fiber Refining

- Fundamentals of Internal Strength Enhancement
- Cellulose Viscoelasticity
5:30

-- Social Time

6:00

-- Dinner (CEC Dining Room)

7:00

-- PROJECT REVIEWS:
- Mechanics of Fluting

Homan/Baum
Baum

Habeger/Baum
Berger (Student)
Baum/Habeger

Waterhouse
Litvay
Hardacker
Biasca (Student)
Stratton/Becher
Pankonin (Student)

Whitsitt

-iii- Compressive Strength

Whitsitt/Waterhouse

- Polymer Placement for the Improvement

of Compressive Strength
- Analysis of Board Structures
9:00

-- End of Formal Session

Friday -- October 26
7:00 am -- Breakfast
8:00

-- Committee Members' Discussion of Projects

10:00

-- Coffee Break

10:20

-- Discussion of Projects and Overview

11:30

-- Closing Comments
-- Next meeting April 4-5, 1985

12:00

-- Adjourn

12:00

-- Lunch (CEC Dining Room)

Ruthven (Student)
Whitsitt/Halcomb
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PROJECT SUMMARY

Date: 9/10/84

PROJECT TITLE: PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
Effect of Machine Variables on Paper and
Board Properties
Measurements of Elastic Properties, Paper
"Roughness", and Fiber Orientation

Budget:

PROJECT STAFF:

$105,000

Period Ends: 6/30/85
Project No:

3467

G. A. Baum

PROGRAM GOAL:
Develop relationships between critical paper and board property parameters and
the way they are achieved as a combination of raw material selection, principles
of sheet design and processing.
PROJECT OBJECTIVE:
To improve our capability of mechanically characterizing paper and board materials.
To relate measured parameters to end-use performance (especially in the case of
Z-direction measurements).
To relate measured parameters to machine and process variables.
PROJECT RATIONALE, PREVIOUS ACTIVITY and PLANNED ACTIVITY FOR FISCAL 1983-84 are
on the attached 1983-84 Project Form.
SUMMARY OF RESULTS LAST PERIOD: (October 1983 - March 1984)
1. The effect of process variables on TEA and stretch at failure have been
examined.
2. Work on the relationships between in-plane and out-of-plane elastic parameters has continued using different furnishes and refining levels.
3. A wood grain cover report has been written concerning our work to measure
out-of-plane elastic parameters.
SUMMARY OF RESULTS THIS PERIOD:
1. The
and
oak
not

(April 1984 - September 1984)

effects of beating time, degree of delignification, fiber orientation,
wet pressing pressure on the elastic properties of paper made from red
were studied in student research (B. Berger). Although the analyses are
complete, the results to date are presented in the attached Section 1.

2. Differences between rubber platen and hard platen caliper values have been
assumed to be a measure of paper "roughness". This idea has been tested by
comparing such differences with values of surface smoothness measured by
conventional means. The results indicate that the rubber platen gage,
together with a standard caliper gage, can give a good measure of paper
roughness. This is described in attached Section 2.

Project 3467
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3. The automation of the system for measuring in-plane elastic properties of
paper is nearing completion. The hardware and electronics are essentially
complete, but there still is quite a lot of software to be written (as of
this writing). A brief description of the system is given in Section 3.
4. The laboratory system for measuring out-of-plane elastic parameters still
requires a lot of operator time for each measurement. Automation of these
two gages (longitudinal and shear) is now underway. This will speed up the
measurements and reduce operator error. A brief description is given in
Section 4.
5. Previous work at IPC demonstrated that dielectric measurements in paper
could reveal information about fiber alignment. We have initiated an effort
to use this fact to construct a fiber orientation gage for use in the
laboratory. A brief description of the proposed system is given in
Section 5.
6. A paper titled "The Elastic Properties of Paper - A Review" was presented at
the Paper Physics Seminar in June. This is IPC Technical Paper No. 145, a
copy of which is included as Section 5.

Project 3467
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PROJECT TITLE: Process, Properties, Product Relationships

Date: 6/1/84

PROJECT STAFF:

Budget:

G. A. Baum

PRIMARY AREA OF INDUSTRY NEED:

Properties related to end
use.

$105,000

Period Ends: 6/30/85
Project No:

PROGRAM AREA:

Performance and Properties of Paper and
Board

3467

Approve by VP-R:

PROGRAM GOAL:
Develop relationships between critical paper and board property parameters and
the way they are achieved as a combination of raw material selection, principles
of sheet design, and processing.
PROJECT OBJECTIVE:
To improve our capability of mechanically characterizing paper and board materials.
To relate measured parameters to end-use performance (especially in the case of
Z-direction measurements).
To relate measured parameters to machine and process variables.
PROJECT RATIONALE:
It is important to understand the relationships between end-use performance and
properties in order to improve paper and board products or maintain performance
within close tolerances while utilizing available raw materials, minimizing energy
requirements, and minimizing environmental impacts.
PREVIOUS ACTIVITY:
Ultrasonic techniques for measuring in-plane and out-of-plane elastic properties
have been developed. A caliper gage has been designed and constructed to allow
simultaneous measurement of caliper during Z-direction ultrasonic measurements.
This caliper gage has been evaluated and found to be comparable or superior to
other methods of accurately measuring caliper. The effects of fiber orientation,
wet pressing, wet straining and drying restraints on the in-plane and out-of-plane
properties of paper have been studied. The in-plane and out-of-plane elastic
parameters have been related to end use tests and converting performance in a
number of situations.
PLANNED ACTIVITY FOR THE PERIOD:
1. In-plane and out-of-plane elastic constants will be measured on a representative group of samples differing in composition and structure and in different ambient environments. These data will be compared with use-oriented
test results, where possible. Particular attention will be given to tensile
strength, stretch, TEA, and possibly tear.

Project 3467
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2. Specific scattering coefficients will be measured in heavy board materials
differing in composition and structure. These will be used to predict relative bonded area.
3. Work on ZD velocity measurements in thin and rough samples will continue.
Improvements in the existing model should be possible.
4. The effort to establish relationships between properties and end-use performance is expected to continue.
5. Design and construct a new automated laboratory device for measuring in-plane
parameters that will be operator "friendly and fool proof".
STUDENT RELATED RESEARCH:
M. Forbes, Ph.D.-1983; B. Pankonin, Ph.D.-1983; J. Deuser, M.S.-1983; C. Byl,
M.S.-1983; T. Ave'Lallemant, M.S.-1983, B. Berger, M.S.-1984.

SECTION 1
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
The Effects of Process Variables on Elastic Properties
Project 3467
During the pulping and papermaking processes, many variables affect the
properties of the final product.

Of particular interest are the effects of

these variables on the elastic properties of the paper sheet.
Knowledge of how process variables affect the elastic properties of the
sheet should allow the development of relationships between process variables
and end-use performance of the paper sheet.
The goal of this project was to determine the effects of selected process
variables on the elastic properties of paper.

The particular process variables

that were studied were beating time, degree of pulp delignification (i.e. yield
or Kappa number), fiber in-plane orientation, and wet pressing pressure.

Through

a systematic study of these variables, it was thought that their effects on
sheet elastic properties could be determined both from a qualitative and a quantitative standpoint.
A single species of wood was pulped to produce pulps at several different
levels of yield.

These pulps were then be used to produce sheets with various

degrees of beating, wet pressing, and fiber orientation.

The elastic properties

of the sheets were determined using ultrasonic methods, and the results were
used to determine the effects of different process variables.
The results study were compared to those of other researchers, working with
sheets produced from different pulp types.
Scope

The effects of beating time, yield level (or Kappa number), fiber orientation, and wet pressing pressure on the elastic properties of paper were studied.

-7-
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Pulp for all sheets was produced from chips of red oak (Quercas rubra L.)
a kraft pulping process.

using

The chips were pulped to three different levels of

yield by varying cooking time and temperature (H-factor).
Beating of the pulp was performed in a laboratory valley beater.

Sheets

were formed using unbeaten pulp and pulp beaten for times of 10, 35, and 50
minutes.
Three degrees of in-plane fiber orientation were used in forming sheets.
Random handsheets were produced and machine-made sheets at two levels of
machine direction (MD) fiber orientation were produced by varying the speed of
the forming fabric on the sheet former.
All sheets produced at various levels of pulp yield, beating time, and
fiber orientation were wet pressed at the following four levels of pressure:
25, 50, 100, and 250 psig.
of parameters.

This gave a total of 32 sheets with different sets

For statistical purposes, three sheets were produced for each

given set of parameters to give a total of 96 sheets.

RESULTS AND DISCUSSION
The work presented here describes results concerned with the effects of
beating time and yield level (or Kappa number), on the elastic properties of
paper.

The elastic properties were determined using ultrasonic methods.

Results are presented in terms of specific elastic stiffnesses (Cij/p).

The

following six of the nine elastic stiffness constants needed to completely
describe the elastic properties of an orthotropic material were measured:

C1 1 ,

C22 , C33 , C 44, C5 5 , and C66 .

C1l, C22 , and C33 are related to the elastic tensile properties of the
sheet in the MD, CD, and z-directions (ZD), respectively.

C44, C55, and C66 are

Project 3467
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equivalent to the shear moduli in the CD-ZD, MD-ZD, and MD-CD planes, respectively.

The units of the elastic stiffnesses are force per unit area expressed

in units of gigapascals, GPa (1 GPa=10 9 Pa=1010 dynes/cm 2).

Effect of Beating Time on Elastic Properties
Batches of pulp at a given yield level were beaten in a laboratory Valley
beater for various amounts of time.

Sheets were formed from pulps with four

different levels of treatment as follows:

(1) unbeaten, (2) 10 minutes beating,

(3) 35 minutes beating, and (4) 50 minutes beating.

Sheets were formed on a

Formette Dynamique sheet machine, a device which simulates paper machine forming
conditions.

This device has been described in the literature (25).

Each sheet from the Formette Dynamique was cut into 4 square sheets, each
of which was wet pressed at a different level of pressure in a static press.
The four levels of pressure used were 25, 50, 100, and 250 psig.

The values

shown for various parameters of each sheet in the figures shown hereafter are
averages of 3 replications at each set of conditions.

(Exceptions are the

values for C44 and C5 5 and any quantity containing these values,, which were
obtained from tests on only one of the three sheets.)
Figure 1 shows the effect of beating time on Cl1/p.

It is apparent that

increasing the beating time of the pulp resulted in an increase in C11/P.
This increase occurred at all levels of wet pressing shown.

In Fig. 1 the

results at a wet pressing pressure of 250 psig are similar to the ones obtained
at 100 psig, so they have been omitted for the sake of clarity.

Similar results

were obtained for C22.
Figures 2 and 3 show the effects of beating time on C 33 /pand C55/p, respectively.

The effects are similar to those found for Cll in that increasing

-9-
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Figure 1. The dependence of the specific elastic tensile stiffness in the
machine direction on beating time, at different levels of wet
pressing.
beating time caused increases in both C3 3 /P and C 55 /P at all levels of wet
pressing shown.

However, the relative changes in these variables with beating

are quite different.

At a wet pressing pressure of 50 psig, for example, the

value of C1 1 increased by a factor of about 20% upon increasing beating time
from 0 minutes to 50 minutes.

At this same wet pressing level, C 55 increased by

a factor of 2 and C33 increased by a factor of about 8 upon increasing the
beating time from 0 to 50 minutes.

This seems to indicate that the effects of

beating are greater in the z direction than in the plane of the sheet.

This

effect is further exemplified by Fig. 4 which shows the effect of beating time
on Rxz(=C11/C33), the anisotropy ratio in the MD-ZD plane.

As beating

increased, this ratio decreased from a value of about 465 to a value of 58, at a
wet pressing pressure of 25 psig.

Project 3467
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Figure 2. The dependence of the specific elastic tensile stiffness in the
Z direction on beating time, at different levels of wet pressing.
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Figure 3. The dependence of the specific elastic shear stiffness in the MD-ZD
plane on beating time, at different levels of wet pressing.
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Figure 4. The dependence of the anisotropy ratio in the MD-ZD plane
on beating time, at different levels of wet pressing.

The elastic properties of paper vary with the apparent density of the
sheet, so that if the elastic stiffnesses were plotted (the C's), the differences resulting from beating time changes would be even greater, since density
also increases with beating.
Although not presented here, results similar to the ones presented above
were also found for C22/P, C44/p, and C66/P.
Effect of Yield Level (Kappa Number) on Elastic Properties
Batches of red oak chips were pulped using a kraft cook to three different
yield levels by varying the cooking time and temperature (H-factor).

The pulps

were washed and screened using a laboratory flat screen and the screened pulp

-12-
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was tested for Kappa number according to TAPPI standard procedures.

The three

yield levels of pulp obtained (before screening) were 53.8%, 56.5%, and 58.3%
with Kappa numbers of 16.4, 31.7, and 46.5, respectively.

Results are presented

here in terms of Kappa number which is a measure of the amount of residual
lignin remaining in the pulp after cooking.

Lower Kappa numbers correspond to

lower amounts of residual lignin in the pulp.

Figures 5-7 show the effect of Kappa number on C11/P, C33/P, and C55/P.

As

shown in Fig. 5-7, increasing the Kappa number of the pulps caused decreases in
C11/P, C33/P, and C55/P at all levels of wet pressing shown.

(Values at wet

pressing pressures of 250 psig are, in most cases, similar to those found for
pressures of 100 psig and are, therefore, omitted for the sake of clarity.)

The

relative amounts of change with Kappa number were approximately equal for each
of the specific stiffnesses.

Out-of-plane properties were slightly more

affected, however, as shown by the increase in Rxz with Kappa number in Fig. 8.
The decrease in properties can most likely be explained by the lower
bonding that probably occurs in the sheet (i.e. the lower number and/or strength
of the bonds) due to the higher residual lignin content.

Effect of Process Variables on the Relationships Between
Elastic Stiffnesses
Certain empirical relationships have been found to exist between shear
stiffness and the two tensile stiffnesses in the same plane.
ships take the following form:
C66 = a(CllC22)½
C55 = b(C11C33)½
C44 = c(C22C33)½

These relation-

Project 3467
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Figure 5. The dependence of the specific elastic tensile stiffness in the
machine direction on Kappa number,. at different levels of wet
pressing.
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Figure 6. The dependence of the specific elastic tensile stiffness in the
Z direction on Kappa number, at different levels of wet pressing.
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Figure 7. The dependence of the specific elastic shear stiffness in the
MD-ZD plane on Kappa number, at different levels of wet pressing.
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Figure 8. The dependence of the anisotropy ratio in the MD-ZD plane on
Kappa number, at different levels of wet pressing.
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Combining the above relationships yields a fourth expression which relates the
tensile elastic stiffnesses of the sheet to the shear elastic stiffnesses as
follows:
C1lC22C33 = K(C44 C55C 66 ) + K'
It has been found that the value of a as given above seems to be relatively
constant (=0.39) for sheets made under a wide variety of conditions,, providing
the in-plane anisotropy (=C2 2 /C22 ) does not get too large.

Limited amounts of

data are available for calculating b and c; however, Fleischman's data (21) gave
values of 0.253 and 0.310 for b and c, respectively.

Ave'Lallemant., however,

found values of 0.3984, 0.1453, and 0.1275 for a, b, and c, respectively.
The value of K found in various studies has ranged from 28 to 219 as
reported in Project 3467 Status Report, 1983.

It was proposed there that the

value of K may vary with factors such as refining, pulping method, yield, wood
species, etc.
Data from this study was used to determine values for a, b, c,'and K and K'
as given above and to determine the effects, if any, of the process variables
discussed here on these values.

Values for a, b, c, and K were determined from

linear regressions between the appropriate sets of elastic stiffnesses.

The

results are given in Tables 1-6 where n is the number of data sets used in the
calculation.
Tables 1, 2, and 3 show the effects of process variables on the values of
a, b, and c, respectively.

With the exception of set 4 (pulp beaten for 50

minutes), the value of a for all sets of data, was relatively constant over the
range of conditions studied.

The mean value of a is found to be 0.380 with a

standard deviation of 0.030.

A linear regression of all the data gave a value

for a of 0.396 with a correlation coefficient (R) of 0.99.

Project 3467
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Effect of Process Variables on "a"
C66 = a(CllC2 2 )f + a'

Set

Samples

Beating
time
(min)

1

125-1250

2

Kappa
no.

Orientation

n

a

a'

R

0

16.4

medium

4

0.382

-0.295

0.99

225-2250

10

16.4

medium

4

0.368

-0.272

0.99

3

325-3250

35

16.4

medium

4

0.375

-0.113

0.99

4

425-4250

50

16.4

medium

4

0.447

-0.852

0.99

5

525-5250

35

31.7

medium

4

0.377

-0.250

0.99

6

625-6250

35

46.5

medium

4

0.354

-0.006

0.99

7

725-7250

35

16.4

random

4

0.348

-0.025

0.99

8

825-8250

35

16.4

high

4

0.389

-0.297

0.99

Mean value = 0.380
Standard deviation = 0.030

Table 2. Effect of Process Variables on "b"
C55 = b(CllC 33 ) + b'
Beating
Time
(min)

Kappa
no.

Set

Samples

1

125-1250

0

16.4

2

225-2250

10

3

325-3250

4

Orientation

n

b

b'

R

medium

4

0.127

0.005

0.99

16.4

medium

4

0.137

0.005

0.99

35

16.4

medium

4

0.088

0.071

0.99

425-4250

50

16.4

medium

4

0.071

0.103

0.96

5

525-5250

35

31.7

medium

4

0.108

0.042

0.99

6

625-6250

35

46.5

medium

4

0.130

0.018

0.99

7

725-7250

35

16.4

random

4

0.095

0.048

0.99

8

825-8250

35

16.4

high

4

0.098

0.067

0.99

Mean value = 0.107
Standard deviation = 0.023

Project 3467

Status Report

-17-

Table 3. Effect of Process Variables on "c"
C 44 = c(C22C33 )1 + c'
Beating
time
(min)

Kappa
no.

Orientation

n

0

16.4

medium

4

0.136

0.001

0.99

225-2250

10

16.4

medium

4

0.146

0.001

0.99

3

325-3250

35

16.4

medium

4

0.101

0.055

0.99

4

425-4250

50

16.4

medium

4

0.089

0.080

0.91

5

525-5250

35

31.7

medium

4

0.110

0.037

0.99

6

625-6250

35

46.5

medium

4

0.131

0.020

0.99

7

725-7250

35

16.4

random

4

0.098

0.047

0.99

8

825-8250

35

16.4

high

4

0.108

0.047

0.99

Set

Samples

1

125-1250

2

c

c

R

Mean value = 0.115
Standard deviation = 0.020

Comparison of sets 1-4 in Table 2 shows that beating time appears to have
an effect on the value of b. With the exception of the unbeaten pulp,
increasing beating time gave lower values of b. The effects of Kappa number on
b can be seen by comparing sets 3, 5, and 6. From this data it appears that
increasing Kappa number caused the value of b to increase.

Comparison of sets

3, 7, and 8 seems to show that fiber orientation had no significant effect on
the value of b.
The effects of process variables on the value of c are shown in Table 3.
Just as in the case of b, increasing beating time seemed to lower the value of
c (except for the unbeaten pulp).

Sets 3, 5, and 6 show that increasing Kappa

number results in increased values of c, while orientation seems to have little
or no effect on the value of c (sets 3, 7, and 8).

Project 3467
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Tables 4-6 show the effects of process variables on K. The effect of
beating time on K is shown in Table 4. With the exception of the unbeaten pulp,
increasing beating time seemed to increase the value of K. For comparison,
values of K calculated from values of a, b, and c given in Tables 1-3 are also
given.

These calculated values of K are designated as Kc.

Table 4. Effect of Beating Time on "K"
CllC22C33 = K(CllC 22C 33 ) + K'

Set

Samples

1

125-1250

2

Beating
time
(min)

n

K

0

4

172

-0.020

0.98

152

645

225-2250

10

4

144

0.050

0.99

136

600

3

325-3250

35

4

202

-6.60

0.99

300

330

4

425-4250

50

4

208

-9.22

0.96

354

170

K'

R

Kc = l/(abc)

Table 5. Effect of Kappa Number on "K"
Cl1C22C33 = K(C44 C 55C 66 ) + K'
Set

Samples

Kappa no.

n

K

K'

3

325-3250

16.4

4

202

5

525-5250

31.7

4

6

625-6250

46.5

4

R

Kc = 1/(abc)

-6.60

0.99

300

161

-1.42

0.99

223

139

-.703

0.99

166

R

Kc= l/(abc)

Table 6. Effect of Orientation on "K"
CllC 22 C 33 = K(C44C 55C66 ) + K'
Set

Samples

Orientation

n

K

K

7

725-7250

random

4

219

6.06

0.99

299

3

325-3250

medium

4

202

6.6

0.99

300

8

825-8250

high

4

181

5.27

0.99

243

CSF
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Table 5 shows the effect of Kappa number on K. From this data it appears
that increasing Kappa number resulted in a decrease in the value of K. This
result holds true for both the value of K (obtained from regression analysis)
and the value of Kc.
The effect of in-plane fiber orientation on K (Table 6) also seems to show
somewhat of a decrease as fiber orientation is increased.
Using all of the data available from this study, the relationship between
C1 1C22 C33 and C44 C 55C 66 is shown as a log-log plot in Fig. 9. There is some
curvature evident, consistent with the idea that yield and/or beating change the
slope of the curve.

A best fit line drawn through the data gives a slope of

179, compared to a value of 214 calculated from the mean values of a, b, and c
given in Tables 1-3.

These values for K are the first ones given for sheets

produced from a hardwood pulp.
2

-2

variety of conditions.
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CONCLUSIONS
Several conclusions can be drawn concerning the effect of certain process
variables on the elastic properties of paper.

First, increasing the beating

time of pulps causes increases in both in-plane and out-of-plane elastic stiffness values of paper.

This increase is greater in magnitude for out-of-plane

stiffnesses than for in-plane stiffnesses and is likely due to an increased
degree of bonding in the sheet, as discussed by Page and others.
A second conclusion is that increases in wet pressing pressure also result
in increased values for both in-plane and out-of-plane elastic stiffnesses.
This effect, presumably also due to increased bonding in the sheet, is greatest
at lower levels of beating where it is not overshadowed by effects of beating on
fiber bonding.

The increase in elastic stiffness values tend to level off at

higher levels of wet pressing pressure.
Decreasing the amount of residual lignin in the pulp (as measured by Kappa
number) also results in increases in sheet elastic stiffness values, both in and
out of the plane of the sheet.

This effect is also probably a result of

increased bonding that occurs in the sheet as more lignin is removed from the
pulp.

Increasing the degree of fiber orientation in the machine direction tends
to increase the elastic stiffness values in that direction while values in the
cross-machine direction tend to decrease.

The degree of fiber orientation also

affects the elastic shear stiffnesses in the MD-ZD and the CD-ZD planes but
seems to have little effect on the tensile elastic stiffness value in the z
direction.
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Beating time, wet pressing pressure, Kappa number, and fiber orientation
also seem to affect empirical relationships that have been developed between
various groups of elastic stiffnesses.

SECTION 2
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
Estimating Paper "Roughness" with the Soft Platen Caliper Gage
Project 3467

ABSTRACT
The soft platen caliper gage has proven useful in estimating paper roughness
in rough samples.

Using differences between soft platen and hard platen (Tappi)

caliper values as estimates of roughness, it was found that these are in good
agreement with values from some conventional smoothness tests.

INTRODUCTION
The soft (or rubber) platen caliper gage is believed to eliminate most of
the surface roughness contribution to paper caliper (1).

Densities computed

from the soft platen caliper values (basis weight/caliper) are thus more representative of the bulk density of the paper and correlations between density and
other physical properties become more meaningful.
In the same manner, then, it seems reasonable to assume that the differences observed between hard platen (Tappi) caliper and soft platen caliper
values must be a measure of paper roughness.

This paper describes preliminary

work to test this assumption.

EXPERIMENTAL
A TMI Micrometer was used to obtain the hard platen values.

The Tappi

standard method specifies an applied pressure of 7.1 psi or 50 kPa.

The hard

platens caliper gage will measure from the highest point on one side of the
sample to the highest point on the opposite side.

There will be some compressi-

bility of the sample as well as of the surface itself.
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The IPC rubber platen caliper gage was used to obtain the soft platen
values.

This device has the same platen area as the Tappi standard method, but

soft rubber is positioned on both sides, between the paper specimen and the
metal platens.
100-200 kPa.

The applied pressure is variable from zero up to about
The device is calibrated at a given pressure using shims of known

thicknesses at either end of the caliper regime of interest.

For comparison

with Tappi caliper values, the applied pressure in the soft platen device would
be set at 50 kPa.
Figure 1 is a typical plot of caliper vs. pressure for a linerboard sample.
The decreasing caliper with increasing pressure for the soft platen gage is
thought to be due to the rubber conforming to the paper surface.

For this

sample the difference between the hard and soft caliper values is about 10%.
the higher pressures the data fits a straight line.

At

The scope of this line is

related to the compressibility (or ZD modulus) of the paper.

(EZD values deter-

mined in this way agree favorably with those measured ultrasonically.)

If this

straight line is extrapolated to zero pressure, a "zero pressure" caliper value,
Io, is obtained.
I (for IPC).

The soft platen caliper at the standard pressure is defined as

In the results that follow, two "roughness" parameters are used,

defined as follows:
R1-

= T-I
I
=

and

T-Io
Io

where T is the Tappi standard caliper.
than I or Io.

In Fig. 1, the Tappi caliper is greater

For smoother papers, however, Io may be greater than T, while I

is always less than T. This means R1 is always positive while R2 can be positive or negative.

The factors R1 and R2 were compared with values obtained from
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Figure 1. Thickness vs. pressure.
conventional smoothness instruments.

These include the Bekk, Bendtsen, and

Parker Print Surf (at three pressures).

They are described briefly below.

The Bekk Smoothness Tester measures the amount of time in seconds required
for 10 ml of air to leak between the paper sample and a glass smoothness plate.
A pressure of 1 kg/cm 2 is applied to the effective area of the pressure anvil.
The Bendtsen Smoothness Tester directly measures the amount of air leakage
from between the sample and a smoothness head.

The readings are in ml/min when

the air pressure is equal to 150 mm of water and the land pressure is 1 kg/cm 2.
The Parker Print Surf reads in micrometers at clamp pressures of 5, 10 or
20 kg/cm2.

Readings were obtained at all three pressure.

The Print Surf is

primarily intended for use on smooth samples, however, and the rough samples
tested here sometimes pushed the instrument to its upper limit.
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Project 3467

Status Report

All three smoothness tests were carried out on both sides of all samples.
The "smooth" side of the sample was designated Side A, while Side B was the
"rough" side.

This is discussed further below.

The samples studied included 13 handsheets and 7 machine-made papers.
These are listed in Table 1. The UK series are 205 g/m3 unbleached kraft
handsheets prepared at different refining and wet pressing pressures.

The BK

series are 60 g/m2 bleached kraft handsheets containing different filler
materials, different addition levels, and some dry calendering.
is a repulped newsprint handsheet.
they had one "smooth" side.

All of the handsheets were plate dried so

The machine made papers were generally "rough" on

both sides.

Table 1. Sample list.
Sample
Name

Sample N065

Description

Data
Set No.

UK205-1
UK205-2
UK205-3
UK205-4
UK205-5

Unbleached
Unbleached
Unbleached
Unbleached
Unbleached

BK060-00
BK060-01
BK060-02
BK060-05
BK060-15

Bleached
Bleached
Bleached
Bleached
Bleached

kraft
kraft
kraft
kraft
kraft

6
7
8
9
10

BK060-10
BK060-25
MM052
N065
01-13

Bleached kraft
Bleached kraft
Machine-made newsprint
Repulped newsprint
42 lb linerboard

11
12
13
14
15

01-14
6145
6169
LH
DP

42 lb linerboard
26 lb recycled C medium
26 lb recycled C medium
IPC letterhead
Xerox bond

16
17
18
19
20

kraft
kraft
kraft
kraft
kraft

1
2
3
4
5
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RESULTS
All of the data obtained have not yet been analyzed.

The results presented

here, however, are believed to be reasonable indicators of the important trends.
The smoothness measurements are made on only one side of the specimen,
whereas the caliper differences are the sum of roughnesses on both sides of the
sheet.

This makes comparison of the two techniques difficult.

ferent approaches around this problem were tried.

Several dif-

This first was to add the

measured smoothness numbers from both sides of the sheet.

The second was to

compare only the rough side with the caliper differences.

This seemed reason-

able especially in the case of the handsheets which had one very smooth side
since they were dried against a plate.
Figure 2 shows the sum of the Bendtsen smoothnesses for each side plotted
against R2.

Both handsheet samples and machine made papers seem to fit a

straight line over the entire (broad) smoothness range covered.

Figure 3 is a

similar plot except only the Bendtsen smoothness for the rough side vs. R2 is
plotted.
niques.

Again there is a reasonably linear relationship between the two techIn Fig. 3, however, the data points for the machine made papers fall

slightly below the points for the handsheets.

Presumably this is because the

"total" roughness of the commercial papers is underestimated by looking at only
one side.

While the same is true for the handsheets, the error should be less

since one side is quite smooth.

Table 2 gives the regression coefficients

for the data shown in Figs. 2 and 3. The correlation coefficients indicate good
agreement between the methods.
Figure 4 suggests that similar relations between Bendtsen smoothness and R1
do not exist.

This also seems to be the case for the rough side only.

Such
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Table 2. Regression coefficients for Bendtsen Smoothness.
BS(2) = A + BR2 and BS(1) = C + DR2
A

B

R2

C

D

R

Handsheets

3610

9470

0.928

2470

5990

0.986

Machine made

3900

12170

0.975

2060

6570

0.979

All samples

3780

10540

0.948

2270

5720

0.941

Where BS(2) and BS(1) are the Bendtsen Smoothness values for 2-sides and
1-side (rough side), respectively.

behavior cannot be explained at present.

It is perhaps not surprising if one

looks at R1 vs. R2 as shown in Fig. 5. Figure 5 shows little relationship
between the two computed roughness factors.
present.

The reason for this is obscure at

One could imagine that the hard platens in the Tappi caliper measure-

ment cause localized deformation under the "high" spots, but that the soft platens, at the same measuring pressure, cause more-or-less uniform deformation of
the specimen interior.

If so, the "zero pressure" caliper for the soft platen

measurements may be a more meaningful value to compare with the Tappi measurements.

This seems to be the case since R2 (=(T-Io/Io ) seems to correlate well

with Bendtsen Smoothness.

Figures 6 and 7 show Bekk Smoothness, two sides and one side, respectively,
plotted against R2.
not too scattered.

The curves are not linear, but the data in either case is
The non-linear behavior of Bekk Smoothness plotted against

other smoothness values was also noted by Fabbri and Laurenzi (2).
Data comparing Ri or R2 with Parker Print Surf (PPS) smoothnesses has not
yet been analyzed in detail.

However, the Print Surf is not intended for use
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on the rough samples measured here, and there is some question as to whether the
PPS values are realistic.

It is also planned to compare the standard smoothness

measurements with each other.
In summary, the results thus far suggest R2 (=(T-Io)/I o ) may be a good
measure of paper smoothness.

There are a number of things that we would like to

do other than those mentioned above.

These include (1) measurements with soft

rubber on one side of the specimen only, for comparison with the one-sided
smoothness values, (2) measurements on handsheets prepared having a narrow range
of roughnesses, and (3) looking at several other "roughness factors".

The

latter might include the difference between the low pressure intercept and Io
(see Fig. 1) or perhaps the area enclosed by the data curve and the extrapolated
high pressure line (Fig. 1).
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SECTION 3
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
Fully Automated In-Plane Ultrasonic Tester
Project 3467

Work is progressing on the automated in-plane tester.

The design and

construction of the mechanical apparatus is about 95% complete; the electronic
circuitry is about 80% built and debugged; and the software is around 60% done.
There are no foreseen significant difficulties, and the system should be
functioning in about two months.

The mechanical portion of the project includes an overall mounting stand, a
rotating sample holder, and a mount for the two bender transducers which allows
raising and lowering, 90° rotation, and sample scanning.

With the exception of

a sound-damped housing, all mechanical parts have been designed, machined, and
assembled.

The air cylinder system (which controls transducer rotation, trans-

ducer separation, and overall transducer location) functions to expectations.
minor change in a belt drive system will be made so that the stepping motor
controlled, rotating sampler holder is functioning properly.

Special bender

transducers are being built at IPC for this and other applications.
complete, but are yet to be integrated into the automated tester.

These are
We are

working to reduce the small amount of in-plane play of the transducers in their
mountings.

The special electronics for this instrument are the air cylinder and
stepping motor drive and control circuits, a 10 MHz analog to digital converter, a high-speed multiply and accumulate circuit, a buffer memory with an
Apple interface, a variable width pulse generator, a high voltage output
amplifier, and a computer variable gain input amplifier.

All of this is

A
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There are intermittent problems to be repaired in the pulse

generator and the computer interface.

A noise problem in the input amplifier

must be eliminated.

Software is being written to control the air cylinders and stepping motor,
to handle the analog to digital conversion and hardware multiply, to calibrate
the transducer rotation and scanning, and to integrate the moving and testing
procedure.

Most of the individual subroutines are finished, but they are yet to

be integrated.

Also, we anticipate a significant software effort in the check-

out and modify process.

SECTION 4
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
Automation of the Out-of-Plane Velocity Gages
Project 3467
At present our out-of-plane velocity measurements (elastic stiffnesses) are
made essentially by comparing the time of arrival of the first peak of an ultrasonic pulse with and without a sample between a transmitter and a receiver.

The

times of flight are determined by manually adjusting a marker on an oscilloscope
trace.

Automation of this process is mandatory if we are to make an on-line ZD

instrument.

In addition, automation would speed up laboratory measurements and

reduce operator error.
Our plan for automation of the out-of-plane equipment is similar to that
already employed in the in-plane instrument.

That is, the receiver signal is

captured by a high-speed analog to digital converter and sent to computer where
delay times are computed.

This was not done earlier on the out-of-plane appara-

tus because analog-to-digital converters fast enough to sufficiently resolve the
short ZD transit times were not generally available.

Recently, digital oscillo-

scopes with a 100 MHz band width have been developed.

They have a sample time

of 10 nsec which is adequate resolution for our typical ZD transit times of
about 700 nsec.

We have purchased one of these (a Hewlett-Packard 1980A) and

are preparing to start automating the laboratory ZD instrument.

The oscillo-

scope has an I.E.E.E. bus which allows easy communication with a computer.

We

plan to interface the oscilloscope to one of our Apple computers and use much of
the software already developed for the in-plane system.

The IPC caliper gage

which holds the ultrasonic transducer would also be interfaced to the computer,
giving an automatic reading of caliper.
There is one major change in data analysis that would be helpful in
adapting the in-plane software to this system.

The in-plane system uses a
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cross-correlation technique to calculate a difference in arrival times.

This is

an excellent approach if the signal shape is the same at different transducer
separations.

This is not always the case for thick samples in ZD measurements.

High frequency components of the signal are preferentially attenuated by the
paper.

This gives the signal through a thick sample a lower frequency

appearance than it has in the baseline (no sample) arrangement.

IN this case

considerable error could result in using the cross-correlation method.

A better

way would be to extrapolate the first received signal back to zero with an
appropriate software routine.

We intend to develop this software as well as

that needed for the special requirements of operator interface in the ZD
situation.

SECTION 5
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
Microwave Fiber Orientation Gage
Project 3467

Past work at IPC (1,2) has shown that there is a measurable microwave
dielectric anisotropy in machine-made paper.

The real part of the dielectric

constant minus one (c'-1) is the order of 10% greater when the electric field is
aligned in MD than when in the CD.

The effect on the imaginary part of the

dielectric constant (-") is somewhat greater; the MD value is about 25% larger
than the CD.

In his Ph.D. work at IPC, Fleischman (3) demonstrated that

dielectric anisotropy is sensitive to fiber alignment, but not to drying conditions.

All this opens up the possibility of using microwave dielectric an-

isotropy as a measure of fiber orientation.

However, the technique developed

at the Institute (1) was designed to make accurate measurement of a well-defined
quantity (the dielectric constant), and it is too tedious for routine laboratory
use.

We are now in the process of modifying the apparatus so it can give a

rapid indication of fiber alignment.

This requires us to abandon the accurate

determination of a well-defined property in favor of a reading that is a complex
function of the sheet dielectric characteristics.
The proposed microwave orientation instrument would respond in proportion
to the amount of signal passing through a sample.

This depends on the reflec-

tion coefficient at the sheet boundaries and on the amount of attenuation in
traversing the sample.

These, in turn, depend on the real and imaginary parts

of the dielectric constant and the sheet caliper.

The ratio of signals with MD

and CD orientation of the electric field would depend only on the anisotropy in
dielectric constant.

Figure 1 is a schematic of the planned system.

A 1000 Hz squared modulated

microwave signal will be supplied by a Polorad 1108A signal generator.

It will
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be routed through a low pass filter and applied through a wave guide adaptor to
the sample.

The sample will be placed in a mount that turns and gives a reading

of the angle between the electric field and the machine direction.

The signal

will be received by a low barrier Schottky diode detector in a waveguide mount.
Then it will be amplified and displayed by a Hewlett-Packard 415E S.W.R. meter.
The section between the waveguide adaptor and the detector mount will be
shielded to prevent leakage of mircowave radiation.
damped to avoid effects from reflected signals.

The shielding will be

The waveguide adaptor and

detector mount were chosen to have low voltage standing wave ratios.

This

should eliminate standing waves in the sample gap and reduce gap length sensitivities.

MICROWAVE
SIGNAL

GENERATOR

R.F.

LOW PASS

out
H.P. 11686

--- I .WAVEGUIDE

MICROWAVE

SHIELDING

ADAPTER

ROTATING
SAMPLE HOLDER
-HOLDER

DETECTOR WITH
MOUNTING

S.W.R. METER

H.P. 415E

Figure 1. Schematic of the microwave fiber orientation gage.
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The signal generator, low pass filter, and V.S.R. meter were procured for
earlier microwave investigations and are available.

The waveguide adaptor and

detector with mounting were recently ordered and received.

The sample holder

and shielding are yet to be designed and built.
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SECTION 6
PROCESS, PROPERTIES, PRODUCT RELATIONSHIPS
The Elastic Properties of Paper:

A Review

Project 3467
Abstract
Paper is an interesting engineering material in that its properties can be
varied over extremely broad ranges by changing machine and process variables.
The elastic properties, in particular, are very sensitive indicators of such
process changes. The three dimensional elastic response of paper has not
received much attention in the past because of difficulties in measuring most of
the relevant parameters. These parameters, involving both in-plane and out-ofplane directions, can now be measured using sound wave propagation techniques.
The results to date suggest that these elastic properties of paper are significant factors in understanding the collective effects of machine and process
changes and perhaps more importantly, can be used in many instances to predict
end use performance of the product.
This review (1) discusses paper as a three dimensional orthotropic
elastic material, (2) shows how certain paper machine variables affect elastic
properties, (3) reviews the various network and continuum models developed over
the years to relate sheet properties and fiber properties, (4) briefly discusses
the viscoelastic behavior of paper, and (5) describes how elastic parameters are
capable of predicting end use performance in many cases. Areas where our
understanding is particularly weak, or where new or additional work is needed,
are pointed out.
Orthotropic Behavior
Paper can be considered an orthotropic elastic material (1,2). An
orthotropic material is one which has three mutually perpendicular planes of
symmetry. For such a material the stresses, jj, can be expressed in terms of
the strain, Tij by
[11 = C1 1 611 + C12 c22 + C13E33
T22 = C12E11 + C2 2 62 2 + C2 3E33
T13 =
T12 =

2C55E13
2C66E12

The nine Cij are called the elastic stiffnesses and have units of stress (Pa).
Alternatively the nine stiffnesses can be written in terms of elastic compliances, Sij, where [Sijj[Cij]=I, or as engineering elastic constants. The latter

include three Young's modul i, three shear moduli, and three Poisson ratios.
While the elastic behavior of paper can be expressed in any of these three
forms, the elastic stiffnesses are preferred since these may be measured
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directly using sound wave propagation techniques (3-5). Such techniques are
valid as long as the wavelength of the sound wave is long compared to the
characteristic dimensions of the fibers. In such cases the paper may be considered a homogeneous continuum.
The meaning of these elastic parameters can be understood by referring to
Figs. 1 to 3. Figure 1 defines the three principal directions. The machine
direction is referred to as MD (or x or 1), the cross direction as CD (or y or
2), and the thickness direction as ZD (or z or 3). If we apply auniaxial
stress to the sample in one of these three directions we could deform the small
element as shown in Fig. 2. The ratio of the applied stress to the resultant
strain (at small strains) is defined as the elastic modulus or Young's modulus
in the direction of straining. The three modes of deformation shown thus result
in three Young's moduli: Emd, Ecd, and Ezd. In addition, for any of the three
modes shown in Fig. 2, the Poisson ratio would be defined as the ratio of the
lateral contraction to the axial extension in the direction of straining. For
the upper left hand figure, for example, two Poisson ratios could be defined
since the specimen contracts in both the CD and ZD. These would be referred to
as Ucd-md and Uzd-md, or Uyx and Uzx, respectively. The three modes of deformation shown in Fig. 2 thus yield six Poisson ratios, but only three of these
are independent. These are normally taken to be Uxy, Uxz, and Uyz. Figure 3
shows the three allowed modes of deformation in shear, when the applied stresses
are parallel to one of the principal directions. In these cases, a push or pull
on opposite sides (or faces) of the specimen results in a shear deformation as
shown. The three independent shear stiffnesses shown correspond to each of the
three planes of symmetry. The elastic parameters Emd, Ecd, Gxy (Gmd-cd), and
Uxy (Umd-cd) are referred to as in-plane elastic constants because they are all
defined in the MD-CD plane. The parameters Ezd, Gxz, Gyz, Uxz, and Uyz are
called out-of-plane elastic constants because they all involve the Z-direction.
As will be discussed below, these quantities are not "constant" at all but are
very sensitive to process conditions.

ZD

MD

Figure 1. Principal directions assigned to paper.
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Figure 2. Three modes of deformation in uniaxial tension.
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Three modes of deformation in shear.
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The nine elastic parameters defined above are needed to completely characterize an orthotropic material. Table I gives elastic stiffnesses and engineering constants for several commercial paperboards and laboratory handsheets.
For the machine made papers the MD modulus (the direction of manufacture) is two
to three times greater than the CD modulus, and 150 to 200 times larger than the
out-of-plane modulus, Ez. These differences occur because of the nature of the
constituent fibers and the particular events which occur on the paper machine
during consolidation and drying of the paper web. These are discussed in the
next section.
Elastic Properties and Machine Variables
The relationships between paper machine variables and the in-plane (MD-CD)
elastic properties have been studied by a number of authors (6-16). Relationships between process variables and both in-plane and out-of-plane parameters
have received less attention. Figures 4-6 illustrate how the three Young's
moduli depend on fiber orientation, wet pressing (density), and wet straining
(17) for a bleached softwood commercial kraft pulp refined to about 500 CSF.
The fiber orientation was varied by changing the relative speeds of the pulp
slurry and wire in a Formette Dynamique anisotropic sheet former and the density
was changed by wet pressing. After wet pressing the sheets were strained in the
MD while wet to levels of 1.2 and 2.4%. The sheets were then restrained in both
the MD and CD (but not the ZD) during drying. In general, the elastic stiffness
in the direction of fiber orientation and the direction of wet straining
increases, while the properties in both the CD and ZD tend to decrease. Similar
results are obtained for the tensile strengths in these three directions or the
in-plane compressive strengths (17).
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Figure 4. Emd vs. density with changing fiber orientation and wet straining.
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Of particular interest is the behavior of the out-of-plane Young's modulus
E z (-C33 ). The in-plane fiber orientation has little impact on this out-ofplane parameter, but wet pressing and wet straining have very large influences.
In Fig. 6 the magnitude of C 33 increases by a factor of ten with wet pressing
over the density range studied. On the other hand wet stretching degrades this
property very markedly.

Examination of the results in Figs. 4-6 indicate that the effects of fiber
alignment, wet pressing, and wet straining on the three moduli are not
synergistic. The total effect is not greater than the sum of the independent
effects.

Figure 7 shows the behavior of the three anisotropy ratios Rxy, Rxz, and
Ryz as a function of wet straining. The anisotropy ratios are defined* as Rxz
Cll/C 33 , Ryz = C22 /C3 3, and Rxy = Cll/C 22 . Two levels of wet pressing are
shown. The in-plane anisotropy RxV increases steadily with wet strain, as
expected, since C1 1 is increasing in the direction of wet straining) while C2 2
is decreasing. Above about 3.5% wet strain the sample ruptures. The small difference between the two levels of wet pressing for Rxy (solid and dashed lines)
at zero wet strain most likely results from differences in the two sets of handsheets used, since wet pressing should not produce any in-plane anisotropy. At
non-zero wet strains, however, it may be true that the higher wet pressing
pressure leads to a different value for Rxy. (In these experiments the wet
pressing operation was carried out before wet straining, just as on a paper
machine.) The effect, however, appears to be small, at least in the range of
wet pressure (densities) studied.

In the case of Rxz or Ryz at zero wet strain, the wet pressing pressure has
quite a large effect on the out-of-plane anisotropy. Increasing the pressure
from 25 psi (solid line) to 100 psi (dashed line) decreases Rxz (=Ry z at zero
wet strain) from about 75 to 55. Higher pressing pressures probably would
decrease this ratio more, although it is unlikely that the ratio would ever
approach one, even with 100% bonding, because of the inherent anisotropy of the
collapsed ribbon-like fibers.

Wet straining of the sample causes both Rxz and Ryz to increase. This
happens even though C11 is increasing and C2 2 is decreasing (as in Rxy), because
C33 is decreasing faster than C22. It is apparent that a given level of Rxz
(or Ryz) can be reached by different combinations of wet pressing and wet
straining. The additional effects of refining and fiber orientation (in the
plane) also need to be included in the analysis. The implications of these anisotropy ratios on end use performance needs to be established, of course.
*The definitions use Cij values defined in three dimensions. The values for C11
and C22 are actually those defined and measured in two dimensions. While the
differences in values for the two definitions is essentially negligible, the
distinction between them should not be forgotten.
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Figure 7. The three anisotropy ratios as a function of wet straining
and wet pressing.
The effects of fiber orientation, wet pressing, and wet straining on the
shear moduli are somewhat similar to those for the Young's moduli. Table II
illustrates how the Young's moduli and shear moduli behave with increases in
these three variables.
TABLE II
EFFECT OF MACHINE VARIABLES ON ELASTIC MODULI*
Fiber
Orientation
(MD)

Wet
Pressing

MD
CD
ZD

+
0

+
+
+

+

MD-CD Shear
CD-ZD Shear
MD-ZD Shear

+ (sm.)

+
+
+

0
- (sm.)

Modulus

*+ increases
- decreases
0 no change

Wet
Straining
(MD)

- (1g.)

Project 3467

-47-

Status Report

The effect of these variables on the Poisson ratios has not been extensively studied. While Uxy and Uyx, for example, are functions of wet straining
and fiber orientation their product is not very sensitive to these variables.
The quantity (UxyUyx)1/2, is a measure of how interrelated the tensions in the
MD are to those in the CD.

The results in Figs. 4-7 and Table II suggest that the elastic parameters
for paper are not independent, but that process variables affecting a given
parameter affect related properties in predictable ways. An example of this is
2 where -axis a constant
an empirical relationship of the form C66 = a(ClC
1 22 )
independent of machine variables if Cll/C 2 2 is less than about- .5 (18). Htun
and Fellers (19) showed that the geometric mean of MD and CD properties are
often invariant under the action of increased fiber orientation and wet
stretching of the web. In the case of elastic parameters it seems that the
geometric mean of the principal moduli in any plane is highly correlated with
the shear moduli in that plane. Relationships similar to that 4bove seem to
2 and
exist in the other two symmetry planes as well, i.e. C5 5 = b(CllC 3 3 )1/
/
1
2
C44 = c(C22C 33 ) , where b and c are constants. Taken together, these suggest
a single relationship between the the elastic parameters, viz.
CllC22C33 = K(C4 4 C5 5 C66 )
Figure 8 shows the result of plotting all of the data for the samples shown in
Figs. 4-7 in this manner. It does appear that the data fall along a straight
line, with the intercept near zero. The interpretation of this observation is
that any changes in paper machine variables will change the position along the
line shown in Fig. 8, but that changes in the furnish (species,,pulping, yield,
or refining) would change the slope of the line. Recent work supports the idea
that refining changes the slope of the line. Studies investigating the effects
of yield are currently underway.
Fiber and Network Models
The discussion above treated paper as a homogeneous continuum. This is an
acceptable viewpoint in many cases (e.g. the case of measurements using ultrasonic techniques), but paper, of course, is not a homogeneous continuum. It is
a heterogeneous composition formed from fibers which themselves are heterogeneous. Figure 9 gives an idea of the complexity that must be considered in
discussing a material such as paper or wood.
Starting with "paper" on the lower left, we move upward to the "network".
Here we are concerned with the arrangement of the fibers, the properties of the
individual fibers, and the nature and frequency of bonds which occur between
fibers. This area will be discussed in more detail later. A closer examination of the fibers reveals that the fibers are actually filament wound composite systems. The fibrils are arrangements of repeating cellobiose units or
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The heterogeneous nature of paper.
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"chains". These chains may be arranged in an orderly way (crystalline) or
non-orderly or random fashion (non-crystalline). The fibrils themselves are
arranged in a regular fashion which differs in the various "layers" within the
cell wall, and are held together by the hemicellulose and lignin matrix
material. For a given wood species, fiber properties are clearly dependent
upon the pulping process and yield, for these affect the integrity of the
wood fiber. A low yield pulp, for example, in which the matrix materials have
largely been removed, will be more flexible or "conformable" because the fibrils
can easily move relative to one another when the fiber is swollen with water.
Such a pulped fiber may also be more "beatable" because it is easier initially
to get the water into the cell wall. In simple terms, the primary effects of
beating are to cause this separation of the fibrils (or layers of fibrils) in
the cell wall (internal fibrillation) and to ceuse partial unwinding of the
outer layer(s) of the cell wall (external fibrillation). The latter can then
also lead to the development of "fines". A negative aspect of refining is
shortening of the fibers. All of the above effects are influenced by yield and
pulping method and have been discussed extensively in the literature.
Two models of the fiber cell wall have been developed which relate the
fibril and matrix properties, and the orientation of the fibrils relative to the
fiber axis, to the overall fiber properties. Mark (20) developed a twodimensional model including all of the layers of the cell wall, which can
predict the axial and transverse fiber elastic properties as fibril and matrix
parameters are varied and as the orientation of the fibrils relative to the
fiber axis are varied. Page et al. (21) describe a three-dimensional model of
the S2 layer (which constitutes about 70% of the cell wall) which is useful in
examining the effect of the S2 fibril angle. The model is consistent with
experimental data which show that fiber elastic stiffness and strength
increase with decreasing fibril angle (measured between the fibril and the fiber
longitudinal axis). A number of authors have shown that these same fiber
properties are influenced by wet stretching or restraint during drying (22-24).
It is believed (24) that these actions tend to remove defects in the cell wall
or decrease the S2 fibril angle, both explanations requiring the cell wall to be
swollen with water.

The change in fiber properties with drying has important consequences
in terms of understanding the network properties. In addition to changes
along the fiber axis, the swollen fiber also contracts laterally when it
dries. Since fiber-to-fiber bonds have already formed prior to this
shrinkage, the lateral contractions tend to compress the fibers to which
they are bonded. The resultant "microcompressions" will affect the subsequent stress-strain behavior of the paper. Of course this phenomenon also
explains why paper shrinks when it freely dries.

Network theories attempt to describe the elastic and tensile properties of
the paper sheet in terms of individual fiber properties and the arrangement of
fibers and fiber bonds. An accurate network model would enable one to predict
sheet properties due to changes in furnish and machine variables. Most early
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theories considered paper as a homogeneous medium, neglecting the fibrous
nature. More recently, linear and nonlinear network theories have been
developed.

Real fiber networks do not easily lend themselves to mathematical modeling
since one cannot talk about a single fiber modulus, diameter, length, or
stiffness, because all of these parameters must be expressed as statistical
distributions. Furthermore, because the fiber mechanical properties may change
locally during consolidation and especially drying of the paper web, any model
which assumes constant fiber properties will come up short in describing actual
sheet properties. The fiber properties determined for single fibers are not
apt to be the properties the same fiber would have had it been dried in the
paper web. Nevertheless such models are useful in understanding how properties develop in the sheet and what might be done to improve sheet properties.
Most network theories to date have dealt with two-dimensional models and
have involved many simplifying assumptions. Modes of response to stress which
might be important are often neglected. The loads applied to the fibers in a
network act at numerous localized areas on the fiber surfaces. This means the
stresses and strains within the fibers must be highly variable. The nature of
the bonding and the microcompressions referred to above also add to this
variability. Most early models did not consider the anisotropic nature of
paper.

Cox (25) developed the original theory for a random fiber network consisting of long straight fibers attached at the ends. He assumed that the
strain in the fibers was equal to the strain in the sheet. This type of theory
is referred to as a uniform strain theory. Cox found that for a random network,
Es = 1/3Ef, where Es is the sheet modulus and Ef is the fiber modulus.
Several early theories made faulty assumptions which led to incorrect
results. Space does not allow a detailed description of any one of the existing
models because of their complexity, but several of the better known are listed
in Table III. The equations in Table III are not necessarily as published but
have been reduced, where possible, to a comparable form. All of the equations
assume planar mats, mean values for fiber properties, and random fiber distributions.

The most recent models of Perkins et al. (30) and Page et al. (32) have
led to a better understanding of the dependence of sheet modulus on fiber
modulus. Page and Seth have also shown that the entire stress-strain response
for paper can, in fact, be related to the stress-strain response for the
fibers themselves. These latter theories are still being developed and
evaluated. Time will judge how successful they will be.
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TABLE III
SOME NETWORK THEORIES
Author

Reference

Sheet Modulus

Cox (1952)

25

1 DE

Onogi and Sasaguri (1961)

26

8 r -- __-1
E
2 Lg2 /3r2 +1J d

Campbell (1963)

27

1DE

Van den Akker (1962)

28

41G
IF1+
2
aGb +12EI+2GI
3 _

Kallmes (1963)

29

1 r+
_16I
lD E
3aGb2 +36EI+8GIJ dr
3L

Perkins & Mark (1976)

30

1+2L

3d

3 d

3+2

-L 2[tf

Kallmes (1977)

31

Page & Seth (1979)

32

a = cross-sectional area of fiber wall
d
D
E
g
G

=
=
=
=
=

density of fiber wall
sheet density
fiber modulus
fiber segment length
fiber shear modulus

I = moment of inertia of fiber
cross section
l = dimensionless parameter which is a
function of fiber geometry and
elastic properties and ao

D E

1

1+

D E
d

2

d
1

l(1-fi)D E
3

1_r wA
3L

gRBA V2G

DIE
d

b = unbonded fiber segment length
r = fiber radius for circular fibers
RBA = relative bonded area
w = fiber width for rectangular fibers
T = fiber curl
tf= fiber thickness for rectangular fibers
ao= measure of slackness in unstrained network
fi= initial fraction of inactive fibers
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More recently composite models have been applied to paper. These treat
paper as having a homogeneous structure (33,34). A good deal of insight can be
gotten from such models. The most recent of these uses the cell-wall layer of
the fiber as the primary building unit such that the macroscopic properties of
paper are related to the properties of the constituent polymers, hemicelluloses,
and cellulose (34).
Viscoelastic Nature of Paper
An elastic material is one which changes its shape and size under the
action of applied stresses, but recovers its original configuration immediately
when the stresses are removed. Implicit in this definition is the requirement
that the stresses in Equation 1 follow the strains instantaneously. If this is
not the case, and the stress-strain relationships are time dependent, the
material is said to be viscoelastic. Paper fits this description since it exhibits creep (elongation over time at constant load) and stress relaxation
(decrease of stress with time at constant deformation). In cyclic stressing,
the resultant strain will not be in phase with the applied stress. All of these
can affect the usefulness of paper in end use applications. Kolseth and
de Ruvo (35) have recently reviewed the viscoelastic response in paper and
discussed methods for measuring it. The interested reader is referred to that
work since it is beyond the scope of this review to cover the subject in any
detail. Of prime importance here is whether the (time independent) elastic
parameters will relate to end use performance at all. In the next section we
see that this indeed is the case.
Figure 10 shows an idealized frequency spectrum for the storage modulus
(viscoelastic modulus) E' and loss tangent for a "dry" and "moist" sample of
cellophane (36). E' is sensitive to measuring frequency temperature, and
moisture content (37,38). The molecular motions responsible for.the "y" and "B"
relaxations are not certain, but they do behave differently with increasing
moisture content. Results such as those in Fig. 10 are helping us to understand
better the complex relationships between time, temperature and moisture in
cellulosic materials.
Elastic Parameters and End Use Performance
Most paper specifications involve tests which are taken to be descriptive
of the end-use performance of the material. Such tests are usually destructive.
It is surprising then, that many of the common paper tests correlate with certain elastic parameters, over broad ranges of values. This is of significance
because it is possible to measure the three-dimensional elastic properties of
most papers nondestructively using ultrasonic methods. Measurements made on a
single specimen can be used to predict a number of destructive test values. In
this way it is quite easy to study the effect of process variables on end-use
tests as well as monitor product quality. Later we will mention how such
measurements can also be made on the paper machine to indicate product quality
on a continuous basis and to optimize machine operating parameters. At some
time in the future it may be possible to control the paper machine using such
on-machine measurements of elastic properties.
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Figure 10.

Idealized frequency spectrum of the real part of the complex
modulus and the loss tangent for dry (top) and 7% moisture
content (bottom) cellophane (36).

Figure 11 shows how MD or CD tensile strength varies with Emd or Ecd. All
of the data, covering a rather broad range of tensile strengths (either MD or
CD) fall along a single line. The tensile strengths were varied by changing
fiber orientation, wet pressing, wet straining and drying restraints. Figure 12
shows how the ZD tensile strength (sometimes used as a measure of internal bond
strength) varies with C3 3 (or Ezd) for the same array of samples. The last two
figures suggest that a given elastic modulus might be used to predict tensile
strength or to monitor the changes in MD, CD and ZD tensile strength with
process changes. Measurements on only one specimen would be required to do
this. Similar results to those of Figs. 11 and 12 are obtained if one compares
density specific parameters, i.e. breaking length versus E/p. Such correlations
have also been shown to hold for machine made papers.
Figure 13 shows MD and CD STFI compressive strengths plotted against the
products of in-plane and out-of-plane elastic parameters. In this case a theory
does relate the compressive failure with the product of elastic parameters (39).
The theory predicts that CD compressive strength, for example, should correlate
with (Ecd-Gcd-zd)'. The experimental data give a best fit line with a slope of
0.49, in good agreement with theory.
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Figure 14 shows specific bursting strength plotted against the sum
(Emd+Ecd)/p. It is generally taken that bursting strength is proportional to
the average tensile strength, thus from Fig. 11 it follows that the behavior
of Fig. 14 is to be expected. Dividing the bursting strength by density has
removed the strong basis weight dependence and collapsed the data (four grades
of linerboard) onto a single line.
Table IV lists the above and other relationships that have been discovered
to date between certain commonly measured physical properties of paper and the
elastic parameters (40).
While it is true that the relationships described may not be valid for all
paper grades or basis weights, the use of elastic parameters to evaluate end-use
performance and to study the interactions between process variables and paper
properties has so far been very productive.
A practical application of the correlations between elastic parameters and
paper quality factors has been made in a device which measures paper properties
on the paper machine. This sensor, installed on a linerboard machine in the

1
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Specific bursting strength vs. the sum of Emd/P and Ecd/P.

TABLE IV
END USE TESTS AND ELASTIC PARAMETERS

Property

Elastic
Parameters

MD Tensile Strength
CD Tensile Strength
ZD Tensile Strength

Emd
Ecd
Ezd

MD/CD Tensile Ratio

Emd/Ecd

MD Compressive Strength
CD Compressive Strength

Emd'Gmd-zd
Ecd'Gcd-zd

MD Bending Stiffness
CD Bending Stiffness

Emd Caliper 3
Ecd.Caliper3

Internal Bond Strength

Ezd

Bursting Strength

Emd+Ecd

Flutability
Combined Board Performance

Emd and Gmd-zd
Ecd and Gcd-zd
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southern United States since January, 1983, measures Emd and Gmd-cd of the
moving paper web (41). After correcting the values for moisture and temperature variations, they are used to predict the bursting strength, CD ring
crush, and CD-STFI compressive strength of the linerboard on a continuous basis.
The real payoff for such a sensor, however, is probably not in product
quality measurements, but in paper machine control. Both Emd and Gmd-cd are
sensitive to process and paper machine variables (but in different ways) and
thus permit "tuning" the paper machine to provide optimum board properties.
Eventually this capability could lead to automatic control of the papermaking
process.

In summary, the elastic properties of paper seem to form a basic set of
parameters which are useful for monitoring the effects due to changes in process
variables, capable of predicting end use performance, and, overall, helping us
to better understand the fibrous network we call paper. Elastic parameters are
also important, of course, in product design and modeling, e.g. in the construction of tubes, boxes, food containers, etc. Because most of the elastic parameters needed to describe paper can now be determined easily and nondestructively
using wave propagation methods, the opportunity exists to move forward in each
of these areas.
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paper web. Current emphasis is on in-plane measurements on low basis weight
papers and on out-of-plane measurements.
PROJECT RATIONALE, PREVIOUS ACTIVITY and PLANNED ACTIVITY FOR FISCAL 1983-84 are
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SUMMARY OF RESULTS LAST PERIOD: (October 1983 to March 1984)
1. Results of an analysis of preliminary data show that mill velocities and
laboratory velocities correlate quite well. The moisture and correction
formulae were evaluated, as well, but at present the data is insufficient to
properly assess their accuracy.
2. The FKBG activity is discussed in Section 2. The electronics console was
returned to IPC in November so several problems could be corrected. This
has now been returned to Valdosta. We hope to start testing again in March.
3. A comprehensive report for FKBG is in preparation.
4. The proposed DOE project concerned with on-machine measurements and process
control is expected to be funded by late summer.
5. An automated in-plane laboratory system has been designed and is presently
being fabricated.
SUMMARY OF RESULTS THIS PERIOD:

(April 1984 - September 1984)

1. It has been shown that the on-line sensor can detect changes in web properties due to machine upsets.
2. Changes in maching operating variables produce predictable changes in web
properties. The effects of refining, rush-drag ratios, draws, wet pressing
pressure, and consistency were studied.
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3. The on-line sensor can be used to obtain CD profiles of mechanical properties.
The attached report decribes the above results obtained with the sensor in
Valdosta, GA.
4. The DOE proposal concerned with on-machine measurements (in-plane and outof-plane) is now expected to be funded before February, 1985.
5. The automated in-plane laboratory system is nearing completion.
discussed in the Project 3467 Status Report, Section 3.

It is
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PROJECT OBJECTIVE:
To develop the capability to measure certain elastic parameters on a moving
paper web. Current emphasis is on in-plane measurements on low basis weight
papers and on out-of-plane measurements.
PROJECT RATIONALE:
The ability to measure certain mechanical properties on the paper machine is
valuable from several standpoints. It provides a potential means for vastly
improved process variables. It provides a non-destructive way to assess product
quality on a continuous basis, since certain mechanical properties are correlated with common paper specifications.
PREVIOUS ACTIVITY:
Developed theory of ultrasound propagation in paper and developed device for
measuring paper and board in-plane elastic parameters on-machine. Successfully
tested device in mill environment. Constructed rugged version for extended
testing in linerboard mill (contract research). Constructed and tested a version useful for light weight grades which is also self calibrating. Most
recently developed cross correlation technique for use with in-plane velocity
measurements, and initiated work relating to on-line measurements of z-direction
properties.
PLANNED ACTIVITY FOR THE PERIOD:
We intend to continue studies to explore the possibility of making out-of-plane
ultrasonic measurements on a moving paper web. Several approaches will be
examined in laboratory tests. Successful approaches will require the construction of suitable hardware for on-line testi.g. The electronics package for any
out-of-plane system will be quite different than for the in-plane measurements.
POTENTIAL FUTURE ACTIVITIES:
A proposal has been submitted to the Department of Energy to investigate
possible control strategies on the paper machine, and to develop a sensor to
measure out-of-plane properties.

ON-LINE MEASUREMENT OF PAPER MECHANICAL PROPERTIES
Measuring the Effect of Paper Machine Variables on Web Properties
(FKBG Contract Research: Mill Worthy Sensor)
Project 3332

INTRODUCTION
The objective of this project is to design, construct, -an'd evaluate an online sensor capable of measuring linerboard properties under mill operating conditions.

The sensor must be rugged and reliable, and capable of measuring

on-machine tensile and shear stiffnesses on basis weights above 125 g/m2 and
speeds up to 2500 ft/min.

The measured stiffnesses will serve as product

quality indicators or can be used for adjusting the paper machine to optimum
operating conditions.

A sensor meeting the above criteria has been operating on a linerboard
machine (Owens-Illinois, Valdosta, GA) since January, 1983.

The sensor hard-

ware, electronics, and associated software have been described in FKBG report
dated September 8-9, 1982.

The initial mill experiences, test results, and

correlations between stiffnesses and certain strength values were reported in
FKBG report dated March 3-4, 1983.

The moisture and temperature corrections and

the strength parameters predicted and displayed on the Measurex CRT were
discussed in FKBG report dated September 28-29, 1983.

This report presents the results of the work planned for 1984, which has
been completed.

The final, comprehensive report will be completed by the end of

the year.

This report describes the correlation studies between on-machine and test
lab strength values, the dynamic response of the measured mechanical properties

Status Report

-65-

Project 3332

to changes in paper machine variables, and the results of a brief study of cross
machine direction variations in mechanical properties.

Results and Discussion
Experiments were carried out during the weeks of April 16 and July 16.

The

purposes of the first mill visit were (1) to make the device operational after
its overhaul this winter at IPC, (2) to evaluate the mill worthiness of the
gage, (3) to take on-line data and collect grab samples for comparing on-line
velocities, off-line velocities, and mill strength tests, (4) to obtain some
cross direction profiling, and (5) to observe relationships between the gage
outputs and events in the mill.
Prior to the visit we had been unable to make the gage operate by
instructing O.I. personnel over the telephone.

The gage electronics had been

reworked during the winter at IPC, and some minor difficulty was apparently preventing it from functioning properly.

Shortly after arrival, a wiring error was

found and corrected in the circuitry to trigger the Biomation and the system was
ready to run.

During the previous week, O.I. had scheduled down time to recon-

dition the paper machine and the restart was delayed until Tuesday, April 17.
So, on Tuesday morning we were up and going only a few hours after the machine
reconditioning was complete.
well over the entire test.
20.

Electrically and mechanically the gage performed
There were timing belt breaks on April 19 and April

However, we had previously recognized that the timing belts were a reliabi-

lity problem and have taken steps to insure that future systems do not suffer
this design flaw.

After we started gathering data, it was realized that the velocity values
were significantly larger than any we had ever seen on O.I.'s 42 lb/1000 ft2
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Machine direction longitudinal velocities were about 3.7 mm/Usec as

compared to a "normal" of about 3.4 mm/lsec, and the shear velocities were about
1.8 mm/,sec instead of 1.6 mm/psec.

Presumably this reflected the higher

quality of the product after paper machine reconditioning.

Later, these un-

usually high stiffnesses (which were observed over the entire week) were confirmed by tests at IPC.

We are sure that we were seeing a stiffer board as a

result of the paper machine rework.
We obtained data from four sources, (1) the Measurex end-of-reel printouts
of on-line gage data, (2) Measurex trend plots, (3)mill strength measurements,
and (4) velocities measurements at IPC on grab samples taken at turn-up.

At the

end of each reel, O.I. normally tests ring crush on three separate samples (one
from the front side of the machine, one the middle, and one from the back).
Three strips are cut from each sample and their average ring crush is recorded.
We adjusted the CD position of the ultrasonic gage to the slice location of the
back-side ring crush sample so that our data would correspond to the mill ring
crush value.

After the three test strips were cut out, the back-side ring crush

sample was given to us for testing at IPC.
single slice location.

Mill Mullen tests are not done at a

One pop at each slice location is taken on a CD strip.

The values are then averaged for the front, middle, and back sides.

We recorded

the back side Mullen along with the ring crush; however, the mill Mullen values
are less representative of conditions at our slice location.

The Measurex

system prints out moisture and temperature corrected average and end-of-reel
values of ultrasonic data plus the last moisture and temperature values at each
reel turn-up.

A printout was saved from each reel turn-up.

In addition, we

obtained Measurex trend plots of shear velocity, MD longitudinal velocity, and
predicted ring crush.

Hard copies of these trend plots were collected for the
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During the week we compiled data from 33 reels of

paper (all 42 lb/1000 ft2 linerboard).
Because of the relatively wide spacing of the wheels in the cross direction, we always have had some difficulties determining the arrival time of the
CD pulse to integral cycles.

After reviewing trend plots and inspecting IPC

measured velocities, it was clear that we were off one cycle on the first five
reels of April 17 and for one reel of April 20.

Before analyzing the data,

these six shear velocities were corrected for the apparent one cycle error.
No other adjustments of the readouts from the on-line gage were made.
One of our jobs was to observe sudden changes in the on-line stiffness
values and to see if they corresponded to any changes on the machine.

There

were a number of these and they often coincided with the mill's simultaneous
adjustment of refining level and wire suction.

The results of one of these

events are presented in Fig. 1. Since the Measurex scanner is taken off-line
during turn-ups, moisture and temperature corrections are not made for a few
minutes between reels.
value of our parameters.

At these times, we cannot get an acceptable corrected
Therefore, the plots are left blank at turn-ups in

Fig. 1 and the similar figures that follow.

Figure 2 shows the effect of

turning on a white water pump, and Fig. 3 documents a large change in MD longitudinal velocity occurring shortly after the test operator in the laboratory
reported low Mullen readings.
On two occasions on April 18, we obtained CD profiles by manually scanning
the sensor across the back one-third of the machine.

To minimize the effects of

MD variations on the results, we took data from even slice locations on the
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Figure 2. White water pump trend plot.
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Figure 3. Low Mullen response trend plot.

first scan and from odd ones on the return scan.

The sensor remained at a

single spot until the Measurex scanner updated moisture and temperature for the
correct slice location; this meant that about two minutes were spent at each
The results of the second profile are given in Fig. 4. Notice that

stop.

both MD longitudinal velocity and shear velocity drop off toward the edge of the
sheet.

This was also observed on the first profile.

Notice that R, the calcu-

lated estimate of MD to CD stiffness decreases at the edge.

There was no sig-

nificant change in R with slice location on the first profile.
An important part of the test was the comparison of the on-line temperature
and moisture corrected velocities with the laboratory velocities at standard
conditions on grab samples.

The results of the comparisons are shown in Fig. 5
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Figure 4. CD velocity profile 2.

and 6, where MD longitudinal and shear velocities obtained in the mill are
plotted against IPC lab results.

Here it is seen that the mill and lab data are

positively correlated, but there is a lot of scatter.

There isla 4 to 7%

variation between transducer locations in velocity readings on a sample tested
in the laboratory.

The average standard deviation of the single sample labora-

tory data are represented by the error bars on the figures.

Noticethat this is

of the order of the variation in the end-of-reel data for the entire week.

This

variation in properties from point to point probably accounts for most of the
scatter in these plots.

Also, since the Measurex scanner is usually pulled off

line and a few minutes before turnup, there is room for machine direction
variation between the last on-line data and the grab sample.
Another cause for scatter in the mill vs. lab data may be deficiencies in
the moisture and temperature correction formulae.

To check these corrections,
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the ratios of mill-to-lab velocities were plotted against mill web temperatures
and against mill web moistures.

In both the shear and longitudinal cases, the

ratios positively correlated with temperature and negatively correlated with
moisture.

This indicates that the velocities were slightly over-corrected for

temperature and under-corrected for moisture.
than the longitudinal.

The shear formula appear off more

Using these results, new moisture and temperature

corrections were calculated and the mill vs. lab velocities were replotted.

The

correlation coefficients improve from 0.732 to 0.743 in the case of the MD
longitudinal velocities and from 0.733 to 0.834 in the case of the shear velocities.

We have no intentions of using these amended correction formulae in

Valdosta, but do plan to recompute the correction formulae from data on an
improved environmentally controlled, velocity measuring apparatus now under
construction.

This information will be useful in the future.

The correlation between ring crush and the mill velocities is quite good.
A plot of the predicted and the mill measured values is displayed in Fig. 7.
The correlation coefficient of 0.64 is reasonable considering the small number
of samples used in the mill strength tests, and the lack of a really good relationship between ring crush and in-plane velocities.

A little larger correla-

tion coefficient is found if ring crush divided by basis weight is plotted
against mill shear velocity squared, as shown in Fig. 8. Only slightly better
correlations occur when ring crush was correlated against lab velocities.
The Mullen values did not correlate very well with any of the velocities.
The poor results probably arise because the mill Mullen is averaged over the
entire back side of the paper web.
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Gage Response to Changes in Machine Variables
The mill trials in July were specifically concerned with the response of
the on-line ultrasonic gage to changes in machine operating variables.

As

usual, 0.1. personnel were most cooperative; they altered rush-drag ratio, wet
pressing pressure, refining, tension in the draws, and consistency to the wire.
We are pleased that in all cases the resulting changes in gage readings were
consistent with previous results obtained in the laboratory.

We think that this

test is a significant step in establishing that on-line measurements of elastic
moduli are sensitive to machine variables in a rational and predictable way.
Prior to studying changes due to machine variables, data was gathered for a
day on 69 lb/1000 ft2 linerboard, the grade produced during the entire visit.
These measurements helped establish baselines and provided assurance that the
on-line sensor was operating properly.

The machine variables study was con-

ducted in one day, July 18, 1984.
During the machine variable changes the sensor was maintained at a constant
slice location, and a grab sample was taken at each reel turn-up.

A number of

pulp and paper machine variables that were not intentionally varied (Kappa
number, pH level, broke recycle, and consistency) were monitored throughout the
test.

The only parameter that changed significantly was the amount of broke

recycled.

The broke pump had been down prior to the tests, and different

amounts of broke were used during the day.

The broke content increased from a

baseline to about 50% over the baseline between 8:00 a.m. and 10:00 a.m. and
then decreased, returning to the baseline by about 11:20 a.m.
are discussed below in order of their occurrence.

The five tests
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(1) Rush-drag ratio
Figure 9 was constructed from Measurex trend plots and the moisture and
temperature corrected MD longitudinal velocity squared, the shear velocity
squared, and our predicted value of ring crush.

The ring crush is estimated

from the corrected velocities and basis weight.

The algorithm used is more sen-

sitive to shear velocity than MD longitudinal velocity.

All results are

expressed in terms of percent deviation from a baseline near the average of the
readings from the previous day.

crd

Figure 9. Rush-drag results.
The test was conducted in five steps:

(1) at 8:53 a.m. the rush-drag ratio

was decreased about 2.5% below its normal value; (2) at 9:01 it was lowered
another 2.5%; (3) at 9:20 it returned to normal; (4) at 9:34 it was increased
about 6% above normal; and (5) at 9:44 it was back to normal.
marked on Fig. 9 with time increasing to the right.
cause changes in fiber orientation in the sheet.

These events are

Changes in rush-drag ratios
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Notice that there were no significant changes in shear velocity as result
of the rush-drag alterations.

This is as expected, since the shear modulus is

relatively insensitive to fiber alignment.

However, the MD longitudinal velo-

city should increase with rush-drag ratio, since greater fiber alignment in the
MD increases the MD modulus.

Notice that this trend is demonstrated in Fig. 9.

It is particularly evident in the abrupt changes in MD longitudinal velocity
occurring about one minute after the 9:01 a.m. and 9:20 a.m. chahges.

Since

reel 6 turned-up at a low rush-drag setting and reel 7 at,a high one, these
effects can be checked by laboratory tests on grab samples.

The laboratory MD

longitudinal velocity at reel 6 is 8% below the daily average of the grab
samples.

The corresponding number for reel 7 is 1% below average.

The ratio

of MD to CD longitudinal velocity squared is 20% below average for reel 6 and 5%
over average for reel 7. The lesser variation from normal of the reel 7 data is
consistent with the on-line results, which show a greater effect from the 5%
rush-drag decrease than the 6% increase.

For a synopsis of the results of the

laboratory ultrasonic testing on all grab samples, see Table 1.

(2) Wet pressure
The wet pressure study was done in five steps:

(1) at 9:57 the load at the

first press decreased by 15%; (2) it was returned to normal at 10:11; (3) the
load at the second press was reduced by 50% at 10:20; (4) it was raised back to
30% below normal at 10:26; and (5) returned to normal at 10:34.

These events

are marked on Fig. 10, which is a trend plot of the ultrasonic parameters for
this test.
Notice that the relatively small first press change was not detectable in
the MD longitudinal signal, while the shear velocity squared does show a
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Table 1. Normalized laboratory ultrasonic results.
Reel
Number

(VMD)2/ (V-M)

2

(Vs) 2 /(Vs)

2

V2 MD/V 2 CD

6

0.91

1.01

1.9

7

0.99

0.96

:2.5

8

0.99

0.94

r2.3

9

0.97

1.01

10

1.03

1.01

11

1.02

1.01

12

1.03

1.01

2.4
2.3

13

1.00

1.01

2.4

14

0.99

0.99

2.4
2.3

15

1.00

1.03

2.3

16

0.94

1.02

2.2

17

1.11

1.00

2.7

decrease that might be attributed to the reduction in load.

2.3
2.3

The low shear value

at reel 8 turn-up is confirmed by the laboratory test on the grab sample; its
value was the lowest of the day, 6% below average.
The larger changes in the second press were reflected in both signals.

The

velocities decreased abruptly after the 50% decrease at 10:20; then bounced back
with the 10:26 increase just before reel 9 turned-up and with the return to
normal at 10:34.

(3) Refining
The trend plots for the refining study are in Fig. 11.
steps:

There were four

(1) at 10:39 the current to refiners increased 5%; (2) it was raised
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Wet pressure results.

another 5% at 10:55; (3) at 11:23, just after reel 11 turned-up, the refining
level was placed at 10% below normal; and (4) returned to normal at 11:38.

The sensor outputs were not very sensitive to these changes.

The only

event that might be related to refining change is a drop in both signals about
six minutes after the 20% decrease in refiner current at the reel 11 turn-up.
The lack of a strong response is attributed to the small effect of these current
changes on the pulp and paper properties.

This interpretation is supported by

the laboratory ultrasonic results; they show near average values to the velocities at reel 11 turn-up, when refining current was at its maximum.

Also, O.I.

personnel made hourly checks of pulp freenesses, and the 11:00 values (which
should be low) are not significantly different than the daily average.
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(4) Strain in the draws
Figure 12 presents the trend plot results for this test.

The four steps

were: (1) the strain in the draw between the second press and the driers were
adjusted to about 40% below normal at 12:00; (2) it returned to normal at 12:07;
(3) it was tightened to about twice normal at 12:20; and (4) it was normal at
12:31.

As expected the MD longitudinal velocity responded abruptly to the change
in draws about 30 seconds after initiation.
stiffer sheet in the MD.

Increased wet-straining produces a

As expected, the effects on the shear velocity are not

as pronounced, but shear velocity does appear to correlate positively with tension in the draws for this on-line test.

There were no reel turn-ups at

abnormal settings of the draws; therefore, we cannot investigate the effect in
grab samples.
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Wet straining results.

(5) Consistency
The consistency of the stock to the wire was changed by adjusting the turbine speed (TS).

A decrease in turbine speed caused an increase in consistency.

The experiments were carried out in a stepwise fashion.

At 12:48 the TS was

increased about 5% causing a decrease in consistency (not measured) and,
about
three minutes later a slight increase in VMD 2 (0.5%) but no change in
specific
shear modulus (Vs2 ). This is shown in Fig. 13.

Reel 15 turned up at 13:05,

but no changes are apparent in either modulus value in Table 1. Starting
at
13:13 the turbine speed was decreased in steps to its usual value by 13:17
and
then further decreased in steps to a value about 7% below normal at 13:29.

The

behavior of VMD2 and VS2 during this time was to decrease with decreasing
TS but
to recover somewhat (increase) after 6 or 7 minutes.

Apparently, some other
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machine variable was being adjusted (manually or automatically) which tended to
compensate for the consistency changes and bring the sheet properties back
toward their "usual" values.

Reel 16 turned up at about 13:31, while the turTable 1 shows that this reel had VMD2,

bine speed was about 7% below normal.

6% below normal, generally consistent with the trend plots in Fig. 13.
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CONS.t

CONS.t

CONS. UAX

10%

10%

10%
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-10%

10%
0%
-10%

1

5

1245

13:00

1

12:45

13:00

1315

Figure 13.

TURNUP
# 17

TURNUP
# 16

TURNUP
#
#15

13:30

4

1345

14:00

Consistency results.

The TS was further decreased at 13:35 to about 9% below normal and both
VMD2 and VS2 are seen to rapidly decrease.

Soon thereafter (13:48) the TS was

adjusted back toward its usual value, and VMD 2 and VS2 are seen to increase.
Reel 17 turned up at 13:56 and VMD2 is about 11% greater than normal while VS2
is normal again (Table 1).
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CONCLUSIONS
In conclusion, the on-line sensor was capable of following the changes in
the machine variables studied.

In each case the changes were in the directions

predicted by laboratory experiments.

Most of the changes in machine variables

were modest; that is, the machine operator selected a range where he knew he
could still make paper.

The concomitant changes in the measured elastic

stiffnesses (or strengths predicted from them) are thus not much larger than the
random variations in the sheet.

This is true, even though each on-line sensor

reading was an average of 50 separate tests taken about one foot apart.

We

think that these large relative, random variation of mechanical properties makes
it impossible to judge the quality of an entire reel with traditional mechanical
tests on grab samples at reel turnups.

A monitor of mechanical integrity over

the full length of paper on the reel is necessary.
The on-line sensor developed in this work is capable of such a task, and
can serve as either a product quality monitor or as a process control sensor.
Future Work
The only work remaining on this project is to prepare a comprehensive
report including all of the work described in the previous FKBG reports.
should be completed by the end of 1984.

This

One-half of the expense of this report

will be carried by IPC, as agreed upon earlier.
An article for publication (probably Tappi) will also be prepared at no
cost to FKBG.

(Permission for publication was requested and granted at the last

meeting in June, 1984, in Chicago.)

THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin

Status Report
to the
PAPER PROPERTIES AND USES
PROJECT ADVISORY COMMITTEE

Project 3500
SHEAR DEFORMATION AND FAILURE

September 10, 1984

Project 3500

-85-

PROJECT SUMMARY

Status Report
Date:

9/10/84

PROJECT TITLE:

SHEAR DEFORMATION AND FAILURE

Budget:

PROJECT STAFF:

J. F. Waterhouse

Period Ends:

PROGRAM GOAL:

$70,000

Project No:

6/30/85
3500

Develop relationships between the critical paper and board property parameters
and the way they are achieved as a combination of raw material selection, principles of sheet design, and processing.
PROJECT OBJECTIVE:
The objective is to improve methods for evaluating the in-plane and out-of-plane
shear characteristics and other related mechanical properties of paper and
board, and to relate these properties to end-use performance, sheet composition,
structure (machine and process variables), and the effects of moisture and temperature. We wish to understand how the choice and location of materials in the
web and the papermaking process affects properties, and to what extent they can
be controlled to enhance the paper or board's converting characteristics, i.e.
runnability and post conversion properties.
PROJECT RATIONALE, PREVIOUS ACTIVITY and PLANNED ACTIVITY FOR FISCAL 1984-85 are
on the attached 1984-85 Project Form.
SUMMARY OF RESULTS LAST PERIOD:

(September 1983 - March 1984)

(1) Work is continuing on the variation of in-plane drying stresses in the Zdirection. This is discussed in the attached report.
SUMMARY OF RESULTS THIS PERIOD:

(March 1984 - September 1984)

(1) A preliminary analysis has been developed for calculating the variation of
in-plane internal stresses in the Z direction of paper and board.
(2) The variation of properties in the Z direction have been measured on high
temperature press-dried handsheets.
(3) A review paper on the "Ultimate Strength of Paper" has been prepared and
presented at the Progress in Paper Physics Meeting, Stockholm, Sweden, June
1984. A copy of this is attached as Appendix I.

Project 3500

Status Report

-86-

PROJECT TITLE:

Shear Deformation and Failure

Date:

PROJECT STAFF:

J. F. Waterhouse

Budget:

PRIMARY AREA OF INDUSTRY NEED: Properties related to end
use
PROGRAM AREA: Performance and properties of paper and
board
PROGRAM GOAL:

6/1/84
$70,000

Period Ends:
Project No:

6/30/85
3500

Approved by V-R:

Develop relationships between the critical paper and board property parameters
and the way they are achieved as a combination of raw material selection, principles of sheet design and processing.
PROJECT OBJECTIVE:
The objective is to improve methods for evaluating the in-plane and out-of-plane
shear characteristics and related mechanical properties of paper and to relate
these to end-use performance, sheet composition, and structure.
PROJECT RATIONALE:
We believe that both in-plane and out-of-plane properties are important to such
converting processes as corrugating, molding, creasing, scoring and other forms
of out-of-plane shape modification. Many converting operations involve high
shear and bending stresses beyond the elastic regime. Successful converting is
often quite dependent on the ability of the sheet to resist shear and bending.
Research is needed to develop adequate shear test methods for characterizing the
load-elongation behavior, especially at failure. We wish is to understand how
the choice and location of materials in the web and the papermaking process
affects properties, and to what extent they can be controlled to enhance the
paper or boards converting characteristics, i.e. runnability and post conversion
properties.
PREVIOUS ACTIVITY:
Investigated methods for measuring the stress-strain behavior in out-of-plane
shear. Developed torsion mode technique for measuring shear. Studied effect of
shear straining on compressive strength. Studied variation of properties in the
z-direction.
PLANNED ACTIVITY FOR THE PERIOD:
(1) Design and build equipment for measuring the out-of-plane shear deformation
behavior of paper and board under both static and dynamic conditions.
(2) Determine the effects of composition and papermaking process variables on
the out-of-plane viscoelastic properties of paper under different environmental conditions.

STATUS REPORT
SHEAR DEFORMATION AND FAILURE
Project 3500
INTRODUCTION
It is expected that shear deformation and failure will play an important
role in the converting and end use performance of paper and board products.
Forming losses in corrugating is one important area which has been identified.
Supercalendering and to a lesser extent calendering, are also areas where shear
deformation either alone or in combination with other stresses, may account for
the significant changes which occur in paper properties.

In most cases there is

a loss in strength properties, even though smoothness and gloss are significantly enhanced.

Little work has been conducted in this area to understand the

relationship between paper properties and supercalender process variables.

In

fairly recent work Pfeiffer (1) has emphasized the importance of cyclic shear
stresses and normal stresses in explaining the action of supercalender nip.

It

is clear that this combined stress situation could be responsible for the change
in properties.
The ultimate strength of joints formed between papers and boards (e.g.,
medium and liner joints) is another area where shear deformation may play an
important role.

The study of shear deformation and failure may also be valuable

in understanding the nature of interfiber bond failure.
Consideration is being given to a suitable method for the more rapid
measurement of the shear deformation behavior of paper and board, and preferably
one where other stress conditions may also be imposed, e.g. normal or
Z-direction stresses.

There exists a need to be able to make comprehensive and

reliable measurements of the effect of raw material and papermaking process
variables on the shear deformation behavior of paper and board.
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Work has continued in this period to measure the variation of in-plane
internal stresses in the thickness direction of paper and board.

This was

recognized as an important area for investigation in our initial attempts to
measure shear deformation behavior.

In earlier work we attempted to directly

measure the variation of drying stress in the thickness direction and expect to
continue that work.

Stress relaxation and curvature measurements on board sec-

tions are also being investigated as a means to determine the variation of
internal stress in the thickness or Z direction and are the subject of this
status report.
Internal Stress Variations in the Thickness Direction of Paper
In the last status report (March 1984), the important dependence of some
physical properties on drying stress, and the relationship between drying stress
and internal stress was reviewed.

It could be argued that internal stress is a

more basic variable controlling paper properties than drying stress, even though
drying is the main process by which internal stresses are established.

Internal

stresses control the properties and behavior of many materials including:
metals - welded joints, glass - thermally toughening, plastics - molding opera-

tions, and wood - kiln drying.

Furthermore, in most cases it is the variation

of internal stress in the thickness direction which is of interest.

In ther-

mally toughened glass for example, the internal stress distribution is parabolic
with the outside layers of the glass in compression and the center in tension.
The internal stress distribution can only be determined non-destructively
(optically) since it is not impossible to section toughened glass as is the case
with metals and plastics.
In attempting to measure the internal stress variation in paper we have
resorted to surface grinding a technique developed at IPC by W. Wink.

A number
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of companies involved with laser machining (2) have been contacted with regards
to the possibility of using lasers to "cut" paper into a number of layers.
Unfortunately, not one of them considered the idea to be feasible!

However,

during a visit to the University of Manchester this summer Brian Clark suggested
that plasma etching might be a possible technique.
Commercial 42 lb Linerboard
Work began by Dr. Slawomir Stera of the University of Lodz, Poland, during
his three month stay at IPC, to measure the variation of internal stresses using
relaxation techniques has now been completed.

These and other measurements are

summarized in Table 1 for the whole sheet and felt, middle and wire sections
obtained by surface grinding.
We note that there is indeed a significant variation in internal stress
in the thickness direction.

In the machine direction the internal stress is

lowest in the middle section of the sheet while in the cross direction the wire
side has the lowest value.

The in-plane elastic properties show similar trends.

Eventually it is hoped to be able to relate the properties of individual sections to'properties of the whole sheet and to changes in internal stress.

A

number of intriguing questions raised at our last meeting by Dr. Kinsley which
include the relationship between internal stress and failure mode, internal

Table 1.

Internal stress and other properties of 42 lb commercial

linerboard.

Basis
Weight
2
9/I

IPC Cal
mm

Density
3
g/cm

Felt

94.1

0.1219

0.7/2

12.4

5.19

2.39

0.0692

0.0693

0.0658

6.65

2.06

Middle

98.7

0.1358

0.727

11.4

5.04

2.27

0.0428

0.0678

0.0663

3.95

3.12

0.0595

0.0768

0.0681

5.6i

1.10

0.0639

0.1057

0.0856

7.72

1.56

Sample

Wire
Whole
sheet

E/, MD
2
(km/sec)

E/. CD
2
(KM/sec)

R

86.9

0.1191

0.729

12.1

3.81

i.1/

207.5

0.2870

0.723

13.1

6.23

2.1(1

Ez/..
(KM/sec)

2

Gxz/, Ml)
2
(KM/sec)

Gyz/ CD
(km/sec)-

'int/
MD
Nm/g

'int/
CD
Nm/g
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stress changes with time, and how the internal stress distribution is affected
by drying rate* we will hopefully be able to answer in due course.

Again it

should be emphasized that the relaxation technique employed in this work is
viewed as an indirect method of internal stress measurement.
Direct evidence of internal stress variation is shown by the curvature of
the isolated felt, middle, and wire side sections of the board as illustrated in
Fig. 1 for both machine and cross direction samples.

It is also believed that

these curvature measurements can be used to calculate the variation of internal
stress.

It should be realized, that the properties measured on the various sec-

tions of the board will, in general, be different from those at the same location on the whole board.
*Some results on the effects of drying rate is reported in a later section of
this report.

FELT
FELT

MIDDLE

MIDDLE

WIRE

WIRE

CURVATURE

ABOUT

MD AXIS

CURVATURE

ABOUT

CD AXIS

Figure 1. Curvature measurements on 42 lb linerboard sections.
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An approximate method for the calculation of the internal stress distribution using curvature measurements, is based on the work of Rybicki and coworkers (3).

The analysis is developed for a board split into three sections;

but is not limited to this number.
It is assumed that there is a linear variation of internal stress in each
section, and that this stress may be resolved into tensile and bending stress
components as shown in Fig. 2.

When the board is sectioned it is further

assumed that the tensile stresses go to zero and the bending stress produces the
curvature of the section.

Equilibrium conditions require that the resultant sum

of the horizontal forces and moments must be zero.

FORCES AND MOMENTS
ON TYPICAL SECTION
I

M

___0

F

I

----0

FELT
MIDDLE
WIRE

.-

Figure 2. Forces and moments on typical board section.
Notation for the three sections is shown in Fig. 3 and the force and moment
equations are given as follows:
and

F1 + F2 + F3 = 0

(1)

M1 + M2 + M3 + Fl(itl + t2 + t3 ) + F2 (it2 + t3) + F 3 it3 = 0

(2)
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M
aliI

I

Figure 3. Notation for internal stress analysis.
For each section the resultant stress is given by the following pair of
equations.
ala = Fl/tl + ala

(3)

alb = Fl/tl - alb

We also have the condition that
ala = alb = al

(4)

and similarly for Sections 2 and 3.
Continuity of stress between sections also requires that
alb = a2b
(5)

and
o2c = a3c

Now using these conditions and the following equation for the bending moment on
M = -t2 /6

(6)

each section we can now derive the following set of simultaneous equations for
the determination of the unknown forces F1 , F2, and F3 on each of the sections
and hence calculate the internal stresses from Eq. (3) above.
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3

F1 A + F2 B + F3C + I a t2/6 = 0

1
F1 + F2 + F3 = 0
(7)
Fl/tl - F2/t2 - (01 +

02)

= 0

F2/t 2 - F3/t3 - (a3 + 72) = 0
where
A = t1/2 + t2 + t3
B = t2/2 + t3

(8)

C = t3/2
Solution of these equations requires that the determinant

3
A

B

C

1

1

1

y

ot 2 /6

1
0
=0

1/tl

-l/t

0

l/t

2
2

0
-1/t3

(9)

-(91 + 02)
-(3 + o2)

In order to use these equations it is assumed that a1 and 03 can be determined
from curvature measurements using the following equation where E is the elastic
a = Et/2R

(10)

modulus, t the section thickness and R the radius of curvature.
calculated from Eq. (9).

Then 02 can be

Radius of curvature, ultrasonic modulus and other

relevant parameters are shown in Table 2 together with the calculated values of
bending or internal stress levels in each section for the 42 lb commercial linerboard samples discussed earlier.

This data, together with the above equations

has been used to calculate the internal stress distributions shown in Fig. 4.

Under equilibrium conditions the average internal stress is zero or in other
words the average compressive stress is equal to the average tensile stress
which is also equal to the average internal stress.

Therefore the internal
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COMPRESSION

TENSION

2.28 MPo

0.529-MPa

I

515.

10 MPa

7.42 MPa

MACHINE DIRECTION

COMPRESSION

TENSION

4.4 MPa

1.7 MPa

3.2 MPa

5.9 MPa

CROSS MACHINE DIRECTION
Figure 4.

Internal stress distribution for commercial 42 lb linerboard.

Table 2. Measurements for internal stress conditions.

Sample

Radius of
Curvature
R ins.

t/2
mm

Spec. Modulus
E/P
(KM/sec)2

Apparent
Density
g/cm

MPa

a

Felt side, MD

26.4

0.0610

12.4

0.772

0.873

Middle, MD

56.0

0.0680

11.4

0.727

0.398

12.1

0.729

6.26

Wire side, MD

3.33

0.0600

Felt side, CD

3.18

0.0610

5.19

0.772

3.03

0.0680

5.04

0.727

0.881

0.0600

3.81

0.729

4.53

Middle, CD
Wire side, CD

11.1
1.45
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stresses have been calculated from the distributions shown in Fig. 4 and are
compared in Table 3 with those calculated from stress relaxation measurements.

Table 3. Internal stress measurement comparisons.
Stress Relaxation
Measurements, Nm/g

Curvature Measurements
Nm/g

MD

7.72

3.52

CD

1.56

2.78

High Temperature Press-Dried Handsheets
Press-dried handsheets having a high degree of uniformity, and random fiber
orientation were made by Christopher Devlin, a Ph.D. candidate, who is studying
press drying with Dr. Fred Ahrens.

It was of particular interest to determine

how properties and internal stress of press-dried handsheets might vary in the
thickness direction.

The handsheets were press-dried asymetrically with platen

temperatures of 250°F, 350°F and 450°F and a platen temperature of 205°F with a
pressure of -400 psi.

Three handsheets were supplied for each temperature level

and after ultrasonic characterization and other nondestructive measurements, they
were surface ground to produce the top, middle, and bottom sections of the sheet.
The sections were also characterized and the results for before and after surface
grinding are shown in Table 4. Also included in Table 4 are results for a Formette handsheet which was dried on a belt press dryer at 195°F for 30 mins.
Nondestructive measurements were made on the sheet before it was surface ground
to produce top middle and bottom sections which were similarly characterized.
The results shown in Table 4 show significant variations in both in-plane
and out-of-plane modulus measurements in the thickness direction particularly

-0

Table 4. Characterization of formette and press-dried handsheets.
o

Basis
Weight*
g/m2

mm

Basis
Weight
g/m2

Modulus*
E/P

Modulus

g/cm 3

km/sec

km/sec

F-1 Top

0.2922

0.0789

230.9

66.2

0.790

0.839

9.87

8.49

0.334

0.211

F-3 Middle

0.2922

0.1041

230.9

87.4

0.790

0.840

9.59

9.05

0.334

0.158

F-2 Bottom

0.2922

0.0899

230.9

73.9

0.790

0.821

9.49

0.334

0.218

250°F-5 Top

0.2149

0.0948

215.9

104.3

1.005

1.100

8.36

8.97

0.410

0.284

250°F-16 Middle

0.2189

0.1029

221.2

103.7

1.010

1.008

9.30

6.61

0.406

0.123

250°F-8 Bottom

0.2075

0.0878

207.5

78.4

1.050

0.893

8.47

5.03

0.438

0.098

350°F-1 Top

0.2257

0.0972

219.8

107.1

0.974

1.101

10.5

9.54

0.429

0.281

350°F-12 Middle

0.2118

0.1045

211.6

108.0

0.999

1.034

10.1

6.46

0.417

0.124

350°F-4 Bottom

0.2111

0.0887

211.8

77.1

1.003

0.870

9.23

5.28

0.393

0.0919

450°F-13 Top

0.2151

0.0983

210.8

106.6

0.980

1.084

9.97

9.09

0.412

0.253

450°F-18 Middle

0.2136

0.1068

212.2

108.6

0.944

1.017

10.1

7.30

0.398

0.138

450°F-14 Bottom

0.2204

0.0896

215.3

77.2

0.977

0.862

10.4

5.24

0.421

0.0829

Sample

4-

IPC
Caliper*
mm

IPC

Caliper

Apparent
Density
g/cm 3

Apparent
Density*
g/cm 3

Modulus
E/p
g/cm 3

EZ/P

Modulus*

EZ/P

E

O

10.5

cU

s-0

r0

c=-

O

Sample section after surface grinding.
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The density variation in the Formette sections

With grinding, surface roughness is reduced and density

The bottom side (lower temperature) of the press-dried sheets has a

significantly lower density than the top and middle sections.
There appears to be a slight increase in the average in-plane modulus with
increased drying temperature in spite of a small decrease in average sheet density.

When we look at the properties of the sections, a significant gradient is

found for each of the drying temperatures, and the reduction in modulus is
greatest on the bottom side of the sheet i.e., the low temperature side.

A

similar trend is found for the out-of-plane longitudinal modulus results,
although the change in modulus between the section and the whole sheet is much
greater in the out-of-plane case.

Further analysis will be required to relate

the properties of the sections produced by surface grinding to the properties of
the whole sheet.

Clearly, from the work already discussed, removal of material

releases internal stresses which, in itself, can be expected to change the properties of individual sections.
REFERENCES
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APPENDIX I
THE ULTIMATE STRENGTH OF PAPER
Design Criteria for Paper Performance
Invited Lecture - Stockholm, Sweden

June 25-29, 1984
J. F. Waterhouse
1.0 Introduction
Understanding and predicting the ultimate strength of a material is one of
the most challenging problems facing the materials scientist. Considerable
progress has been made toward predicting the elastic, viscoelastic and yield
behavior of materials, while failure properties are much more intractable as
well as being largely empirical. Paper is a complex material and understanding
its behavior at a fundamental level is a formidable task; nevertheless, there is
a substantial body of knowledge which contributes to our understanding of the
ultimate strength of paper in terms of its dependence on raw materials and
papermaking process variables.
One material is distinguished from another by the type and arrangement of
its constituent atoms and molecules. Where this arrangement is regular or
ordered the material is said to be crystalline or polycrystalline. When there
is a lack of order the'material is said to be amorphous. Cellulose, a naturally
occurring polymer, is comprised of crystalline and amorphous regions, or as some
would prefer, ordered and less ordered regions. Obviously the ultimate strength
of a material will depend on organization at the atomic or molecular level. See
for example, Kelly (1). However, other organizational levels may be more critical e.g., crystal size in polycrystalline materials, fiber and matrix properties
in composite materials, (2) and pore size and distribution in porous materials
(3).
In broad terms the deformation and failure of a material may be characterized as being either brittle or ductile. One approach to characterizing the
deformation and failure of polycrystalline materials is given by Ashby (4). The
mechanism of failure and the region over which it is applicable is shown on a
fracture map. A fracture map for ice, a hydrogen bonded polycrystalline solid,
developed by Ashby is shown in Figure 1.
According to Ashby (4), following Kelly (1) and others, the ideal or maximum strength of many materials is equal to one tenth of its elastic modulus E,
i.e. o/E-0.1. This limit then forms the upper boundary of the map, and the
ordinate is also designated a/E. The melting temperature, Tm, is closely
related to the cohesive strength of the material. The temperature, T, at which
the strength determination is made will also influence the type of fracture produced, i.e. brittle or ductile. Therefore, as seen in Fig. 1, the abscissa of
the map is T/Tm. At low temperatures where brittle fracture occurs, i.e., for
ice T/Tm < 0.6 there are two types of fracture shown: cleavage 1 and cleavage
2. Cleavage 1 is initiated by natural or induced flaws in the material, and the
upper limit of this region is set by Griffith's equation for brittle fracture:

Project 3500

-99-

Status Report

where E, Gc and 2c are respectively the elastic modulus, fracture toughness, and
crack length. Cleavage 2 type fracture occurs for a relatively crack free
material but now the mechanism is one of slip or twinning within the grain which
can nucleate cracks. The fracture is still brittle but is preceded by a zone
of microplasticity. A recent review of fracture physics is given by Lawn (5).
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Figure 1. Fracture map.

lJ-

[Fig. 31, p. 166.

)

Ashby (4)]

Ashby (4) has drawn fracture maps for a wide range of polycrystalline
materials including metals, ceramics, and ice. It should in principle be
possible to construct some form of fracture map for polymeric materials. Of
course they are only as accurate as the results from which they are drawn and
observations of the fracture surface. One important, but perhaps obvious point
made by these maps is that the type of fracture is dependent on the regime in
which one is operating.
Cellulose fiber fracture is quite complex.
micrographs of Harada and Cote, p. 441 (6). As
sive studies in this area have been published.
the fracture of single fibers will be published

See, for example, the photofar as I am aware of, no extenFurakawa's Ph.D. work (7) on
shortly.
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Brittle fracture, i.e., cleavage 1 is the only one at the moment which is
amenable to analysis, i.e., Griffith theory, and is characterized by low values
of fracture toughness as shown by the ranges calculated by Ashby given in
Table I.
TABLE I
CALCULATED VALUES OF FRACTURE TOUGHNESS.
Material

Ashby (4).

Gc (2 x surface energy) J/m2

metals

0.5-3

ceramics

0.5-4

polymers

0.1-1

As the material becomes more ductile, i.e., with increasing temperature, fracture toughness increases dramatically and may be in the range of 103 to 107 J/m2.
(As we shall see later values of fracture toughness for paper are around 104
J/m2 at standard testing conditions.)
So far we have been discussing continuum single phase polycrystalline
materials, and when conditions for brittle fracture are satisfied the relationship between maximum tensile stress and crack length is in good agreement
with Equation 1. Another interesting area of materials science is the development of high strength cements (8) known as macro defect free cements (MDF).
The very significant strength improvements obtained are attributed to. a reduction in flaw size. This explanation has recently been challenged by Eden and
Bailey (9), and although they find that the elimination of voids and defects does
yield a modest strength improvement, it is suggested that the addition of polymer,
which is part of the MDF cement process, may be responsible for the large
strength improvement found.
It is not always possible or desirable to have completely non-porous
materials. Therefore, at another level of organization we are interested in
maximizing the strength of a variety of materials at different porosity levels.
These materials include paper, sintered metals, porous plastics, foams, etc. It
can be anticipated that the strength of a porous material will be less than one
without voids even when some sort of allowance is made for reduction in load
bearing area (this is not always explicitly stated in published results.)
Some of the factors which might be important in controlling the strength
properties of porous materials include:
1) The size, shape and distribution of pores.
2) The structure of the material and how it might differ from a
non-porous material of the same composition.
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3) The actual minimum load bearing area.
4) The bonding which exists between the structural elements
comprising the porous medium.
5) The size, shape, and distribution of the structural elements
comprising the porous medium.
As one might expect from the number of complications which arise when considering the strength properties of porous materials, no good theoretical foundation for their prediction has yet been developed. A number of empirical
strength relationships, however, have been developed for concrete, (9) sintered
metals (3,10) and paper (11,12,13). The variables include porosity, pore shape
factor, and bonding. Birchall et al., (9) have developed an empirical equation
for cement using Griffith's basic equation as follows:
EO Goc (1-c) 3 exp(-de)~
LrC ec

(
(2)

where Eo and Goc are the elastic modulus and fracture toughness at zero porosity, i.e., E= O. d is an experimentally determined constant. We can interpret
the equation as saying that the fracture toughness is effectively reduced by the
porosity terms (1-c) 3 exp (-de). For a given porosity c the constant d must
therefore account for some average stress concentration factor which might be
expected to depend on pore size and shape. There is clearly a need to better
understand the factors controlling the ultimate strength of porous materials.
To return to cellulose and paper, we are all familiar with the different
organizational levels which exist from the basic cellobiose unit to the network
arrangement of fibers which we recognize as paper as shown in Fig'. 2.

Figure 2. Paper at different organizational levels.

Baum (13a).
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We will try not to be to intimidated by the complexity of this organization.
Our hope is to gain sufficient understanding of it to facilitate our design
approach. Table II summarizes elastic modulus, E, and tensile strength, a,
data for cellulose at various levels of organization. Both predicted and
measured values are incorporated where appropriate.
TABLE II
MODULUS AND STRENGTH VALUES FOR CELLULOSE.
Level of
Organization

Theory
E, GPa o,GPa

Crystalline
Cellulose

1341
2504300
246'

Crystalline cellulose
embedded in matrix
Single Fiber
wood fiber
c=0
hemp6
=2.3
jute6
x7.9
flax6
W-6.0
flax 6
wet
ramie 6-6.0
ramie
wet

a/E

Experiment
E, GPa a,GPa o/E

19
19

0.007

13.5

0.077

175
2
175

3

76.9
70
60
95
27
80
19

1.13
0.92
0.86
0.84
0.88
0.92
1.08

Ideal Network (1/3)E or (1/3 )o wood fiber.

25.6

0.377

Ideal Network (1/3)E* or (1/3)o* "

8530

243

: fibril angle.

1. (14)

2. (15)

" Nm/g

3. (16)
4. (17)

0.0147
0.013
0.014
0.0088
0.0326
0.0115
0.0568

5. (6)
6. (18)

As one might expect, the ultimate strength values for the Bast Fibers are
close to the value for the wood fiber. However, they are all considerably lower
than the calculated or ideal values. It is interesting to note that o/E predicted is approaching 0.1 while the measured values are around 0.01. This is
probably due to the fact that these measurements were made under ductile conditions. Both modulus, strength, specific modulus, and specific strength have
been calculated for an ideal network of wood fibers as shown in Table II. These
values represent ideal or maximum values for networks of unmodified fibers with
minimal defects. We will be making further comparisons of the data shown in
Table II.
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In this introduction the factors affecting the ultimate strength of materials
and their dependence on organizational level have been briefly reviewed. In what
follows we will define those paper properties which are of particular interest
to us and review the methods for their measurement. This will be followed by an
examination of how they are affected by environment, raw material, and papermaking process variables. Predictions for the ultimate strength properties of
paper is an important aspect of the design approach, which we will also survey.
Finally, we will. examine the ultimate strength requirements of some paper products.
2.0

Strength Properties:

Strength tests for paper have been developed for two main reasons. The
first is motivated by a need to develop a test which is directly related to the
converting and/or end-use properties of a particular paper product. The second
is to gain a more fundamental understanding of the strength behavior of paper in
terms of the raw material and process steps used to produce it. In the first
case the interpretation of the results is often times very difficult because of
the complex stress situation to which the material is subjected.
In some instances the complex stresses which a material is subjected to
during converting and end use can be resolved into combinations of simple
stresses, although the effects may not be simply additive, particularly where
large deformations or failure are involved. For example, in the production of
corrugating medium, the medium is generally subjected to tensile, shear, and
compressive stresses. Either alone or in combination these stresses may reach a
level which will result in flute fracture. Even if the material does not fail,
its end use performance may be impaired. In the case of medium we refer to these
as forming losses which can result in a loss of flat crush or edgewise compressive strength as shown by Whitsitt (19). From a design point of view these
losses have to be minimized, although it is recognized that they may not be
totally eliminated.
The basic strength properties we shall consider are tensile, compressive,
and shear and are defined in Table III.
TABLE III
SPECIFIC STRENGTH PROPERTIES OF PAPER AND BOARD
Strength Property
Specific Tensile Strength or Tensile Index

In-Plane
o*

Specific Compressive Strength or Compressive
Strength Index

Oc*

Specific Shear Strength or Shear Strength

xy*

Out-of-Plane
oz*

xz*

Tyz*

Index
x: machine direction, y: cross machine direction, z: thickness direction
a: maximum tensile stress, r: maximum shear stress, p: density, a* = o/p.
'r*= r/p.
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The strength properties are actually expressed as the strength to weight
ratio or specific strength. For example, the in-plane specific tensile strength
a* is calculated as follows:
* _Ultimate load/unit sample width
Basis Weight

(3)

in SI units it will be Nm/g.
This definition is straightforward, although a choice has to be made sometimes as to what constitutes load bearing material, i.e., it might be
appropriate to exclude non-load bearing elements such as filler etc., depending
on the comparisons one wishes to make. The definition of out-of-plane specific
strength properties are by comparison somewhat more ambiguous.
3.0

Measurement of Strength Properties

The recent handbook edited by Mark (6) gives an excellent survey of techniques for measurement of the strength properties shown in Table III and
emphasizes the growing importance of out-of-plane properties and combined
stress situations.
In-plane Strength Properties:
Uniaxial Strength

a*

In-plane measurements are easier to make and are less time consuming than outof-plane measurements. Even uniaxial tensile measurements which are relatively
simple to make require care and attention in sample preparation and cutting procedures (20). Normally when performing tensile tests it is usual to record load
elongation behavior so that other properties such as initial modulus, elongation
at maximum strength, and tensile energy absorption may be derived as shown in
Fig. 3.

Care has to be
strain measurements
of line clamps (21).
measurements rather
Techniques for more
Holography (22) and

taken to avoid sample slippage in the jaws if accurate
are to be made, and this can can be achieved through the use
Sometimes it is preferable to make external strain
that relying on jaw separation. See Chapter 4 (6).
detailed and localized strain analysis include Interference
Moire methods (23).

In paper testing it has been expedient to use rectangular tensile specimens, although necked specimens are preferred in the testing of other materials,
e.g., metals, plastics, etc. A recent analysis by Kimura and Shimizu (24) has
shown that negligible error is incurred in making modulus measurements using
rectangular samples, although stress nonuniformity in the clamping area is evident from their work and may on occasion be responsible for failures in that
region.
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Tensile load

I

Compression

Tension

C Max. load

Lateral
support-

1

I

D
Tensile strain

Compressive

strain

load

Figure 3. Load elongation curve for paper in tension and compression.
Edgewise compressive strength o*c
There has been a good deal of interest and activity in recent years to
measure the edgewise (in-plane) compressive strength of paper and board (25) (30). Compressive strength measurements require some means of lateral support
in order to suppress buckling as shown in Fig. 3. It has been found for a certain range of slenderness ratios that a plateau region exists where compressive
strength is constant as shown in Fig. 4 and is referred to as the intrinsic
compressive strength.
A number of methods have been developed to provide lateral support of the
sample during compression testing and are shown in Figure 5.
It has been demonstrated that the form of support can have an important
influence on the stress-strain curve in compression as well as ultimate
strength. The method developed by S.T.F.I. avoids the problems associated with
lateral support, and they have developed a very simple and straightforward
method of measuring intrinsic compressive strength. A comparison of lateral
support, and lateral support and short span methods of compressive strength
measurement have been made by Seth and Soszynski, (27) and Seth (28), respectively. Gunderson (30) has also reviewed the three methods which have been
developed at F.P.L.

Project 3500

-106-

Status Report

03

Ln

n-

Plateau Region
u
U

\ Euler Curve

span
10
SLENDERNESS

100
RATIO

X

Figure 4. Variation of compressive strength with slenderness ratio.

5.1 Weyerhaeuser

5.3 PPRIC

5.2 FPL

vacuum
5.5 FPL

5.4 STFI

Figure 5. Methods of Lateral support for compression measurements.

It appears that measurement of in-plane compressive deformation and
strength is in a fairly advanced stage of development and further effort will
probably be concentrated on straightforward methods to accurately measure the
stress-strain curve in compression.

In plane Shear
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In-plane shear is an important deformation mode, and the elastic properties
can be readily measured using either ultrasonic (31) or mechanical (32,33)
methods some of which are shown in Fig. 6.

RAIL MODE

BIAXIAL MODE

PICTURE

FRAME MODE

TORSION MODE

HIN WALLED CYLIN
STATIC 8 DYNAMIC

Figure 6. Mechanical methods of measuring in-plane shear deformation.
In mechanical testing large shear deformation is ultimately limited by an
instability phenomenon known as shear buckling. As far as I am aware there have
been no publications on the measurement of intrinsic in-plane shear strength of
paper and board. As Bennett, et al. (6) point out, failure is likely to be in
compression, since pure shear can be represented as a combination of tension and
compression. Biaxial tension and compression have been employed to obtain a
state of pure shear for making in-plane measurements (34,35). The value of an
intrinsic shear strength measurement may be questioned, but, in principle, it
should be possible. The device developed by Arcan, et al. (36) for generating
a pure shear deformation mode shown in Fig. 7 is one possible approach.
Out-of-Plane Strength Properties
Measurement of out-of-plane deformation behavior is time consuming and
more demanding than in-plane measurements, although elastic properties can now
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Arcan (36)

be readily measured using ultrasonic techniques (36a). Difficulties associated
with this deformation mode include relatively small strains and finding suitable
means for stress transmission to the sample such that its behavior is not
modified or at least can be corrected for. Another problem area is the effect
of property variations in the thickness direction which may result from inhomogeneities in composition, consolidation, and drying, to mention three important
areas.
Z-Tensile

*z

A few studies have been made of out-of-plane tensile or Z-direction tensile
deformation behavior (37,38). Measurements of ultimate strength were made by
Wink and Van Eperen. Considerable attention was paid to the factors and
variables affecting its measurement, including sample surface preparation, adhesive amount, mounting and alignment.
Out-of-Plane Shear T*XZ,

T*

yz

Out-of-plane shear deformation behavior was recently reviewed by this author
(39), and a new technique for its measurement presented. Out of plane ultimate
shear strength measurements have also been made by a number of researchers (40)
- (43). Some configurations for out-of-plane strength measurements are shown
schematically in Fig. 8. However, there still exists a need for a rapid and
accurate measurement of out-of-plane shear deformation and strength.
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LAP JOINTS

(simple

SINGLE

mode)

DOUBLE

3 POINT BENDING

t

shear

TORSION MODE

t

DESIGNED FOR SIGNIFICANT
SHEAR DEFLECTION

DISC

Figure 8. Configurations for shear strength measurement.

In a limited study a comparison of shear strength measurements made by
Byrd of F.P.L., using his simple shear method, (40) and measurements made at
I.P.C., using the torsion device (39) and the simple shear device shown in
Fig. 9, are given in Table IV.

Photographic
Mounting Tissue

Figure 9. IPC configuration for shear strength measurement.
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TABLE IV
COMPARISON OF FPL AND IPC SHEAR STRENGTH MEASUREMENTS
FPL
Simple Shear
Average max shear stress MD
Average max shear stress CD
MD/CD Ratio

IPC
Simple Shear

2.03
1.85
1.10

MPa
MPa

2.00 MPa
1.61 MPa
1.24

1.94

MPa

1.79 MPa

IPC
Torsion

Mean Shear Strength
T

2 TXZTy

Txz + 'yz

2.42 MPa

We see that there is reasonable agreement between the two simple shear measurement techniques, while the torsional method gives a higher value. This may be
due to differences in stress concentration between the two methods or because
the mode of failure is fundamentally different.
Effect of Environment on Strength Properties.
Moisture, temperature, frequency, or time scale of testing are perhaps the
most important environmental variables affecting the strength properties of
paper. In some applications aging and exposure to radiation may also be important. Paper will generally exhibit both elastic and plastic behavior, the relative amounts depending on composition and environmental conditions.
Furthermore, we would expect following our earlier discussion of Ashby's work
(4) that the failure of paper could also be categorized as either being ductile
or brittle.
In cellulose, viscoelastic and plastic flow behavior will be influenced by
the relative amounts of crystalline (ordered) and amorphous (less ordered)
material present. A truly amorphous polymer has a well defined glass transition
temperature Tg, and at temperatures below Tg the polymer exhibits glass-like
behavior, while above it, rubbery behavior.
Glass transition or softening temperature ranges of some cell wall components given by Salmen (45) are shown in Table V.
TABLE V
SOFTENING TEMPERATURES.
Cell wall Material

Salmon (45)
Tg.

Cellulose
Hemicellulose

230°C
150-220°C

Lignin*

124-193°C

*Native lignin may be higher.
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In the dry state at temperatures below Tg these components will behave as a
glass. Moisture may be viewed as a plastic zer which can effectively lower the
Tg or softening temperature of these components (45). At a given relative humidity the moisture content of paper will depend on the amount of amorphous cellulose present. It would therefore be more meaningful to compare properties at a
given moisture content and temperature rather than at a fixed relative humidity
and temperature. Again Salmen has shown as illustrated in Fig. 10 that the
variation of elastic modulus with moisture content is independent of pulp type
when based on amorphous content.
10
* Cotton linters

,.

*ea

* Kraft

snck

r0.6
04
I'

0

10

20

30

40

Moisture content based on amorphous carbohydrates, %

Figure 10.

Variation of modulus with moisture content.

Salmen (45)

An increase in moisture content generally results in a reduction in ultimate strength properties (45). This is usually attributed to a reduction in
interfiber bonding rather than fiber tensile strength. Swelling effects may
also increase stress concentration within the network. There has not been much
published on the effects of moisture on wood fiber tensile strength. Cotton and
the Bast fibers shown in Table II have higher wet tensile strengths. Our own
experience (45a) with zero span strength, wet and dry, is inconclusive, and yet
Cowan (46) indicates that extrapolated values of zero span strength, wet and
dry, should be the same. As might be expected, increasing temperature has an
adverse effect on strength properties as shown by Wink (47) and Salmen (48).
Salmen suggests, following Zhurkov (49), that fracture is a thermally activated
process and that tensile index should be inversely proportional to temperature.

4.0

The Influence of Raw Material and Papermaking Process Variables.

Raw material and papermaking process variables are obviously important factors determining the ultimate strength properties of paper. Their precise role
will depend on the particular strength property under consideration and the
failure mechanisms associated with it. Uniaxial tensile strength is the most
commonly used indicator of paper strength. It is generally accepted that certain network, fiber, and interfiber bonding properties are the main variables
controlling strength. Oversimplifying, we might say that interfiber bonding is
responsible for realizing the deformation potential of the fiber.
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If we can accept, for the moment, apparent density as a measure of interfiber bonding, then we find that all of the strength properties shown in table
III increase with interfiber bonding. Many factors, i.e., raw materials,
refining, wet pressing, and drying, influence network densification. The
flexural rigidity (EI) of the wet fiber is perhaps the most important variable
controlling densification, and the influence of species, morphology,pulping
process and geometry on it are reasonably well understood. The flexibility of
individual fibers may be modified by refining, a process we identify as internal
fibrillation. This change has been demonstrated by a number of researchers (50)
- (53). After formation the network is wet pressed and consolidated by external
mechanical forces and internal forces generated by capillary action.
The manner in which the sheet is consolidated and the means used to aid
water removal, i.e., the felt type, can also effect strength properties. This
is illustrated in Fig. 11 where we see that a commercial wet press felt gives
lower handsheet strength properties than those obtained with standard blotter
stock (Waterhouse 53(a)).
6-

0 BLOTTER

0

.2

04

APPARENT

Figure 11.

0.6
DENSITY,

1.

08

1.2

3

PaOpc q/cm

The effect of wet press felt type on strength.

The manner in which paper is restrained during drying can have a profound
effect on its properties. Lateral shrinkage of individual fibers is transmitted
through interfiber bonding and will result in significant sheet shrinkage from
the wet to the dry state, unless restrained from doing so.
Restraint during drying can affect fiber properties, particularly at the
interfiber bond regions, and final density. Baum, et al. (54) have shown that
wet straining followed by complete restraint during drying reduces sheet density. We have also found (44) that the density of freely dried sheets is higher
than sheets dried under full restraint. Therefore, we expect sheet density to
vary with drying restraint conditions as shown in Fig. 12.
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0

l

Figure 12.

Variation of sheet density with drying restraint.

Our understanding of the deformation behavior of single wood pulp fibers,
including the effects of drying, has been greatly increased in recent years.
These findings are important to our appreciation of the role of fiber deformation in a network even though they may have undergone considerable modification by the paper making process. Fiber defects, i.e. microcompressions and
curl induced during pulping, bleaching, or refining can also affect ultimate
properties. These defects, if sufficient bonding is present, can result in
increased elongation at rupture, although tensile strength will usually be
lower. This can be of considerable importance in improving wet web performance
(55) and the deformation of polymer impregnated networks (56).
Restraint during drying can effectively modify fiber deformation behavior.
The deformation behavior of interfiber bonds and segments has been studied by
Giertz (57). From another point of view Htun (58) has proposed that strength
and related properties are directly dependent on the level of internal stress in
the network as shown Fig. 13. Htun (58) determines internal stress from stress
relaxation measurements and has also found internal stress to be equivalent to
drying stress.
The effect of fiber orientation on the relationship
ties and drying stress is illustrated using the data of
variation of machine direction in-plane specific moduli
stress is shown in Fig. 14 for random, low, medium, and
orientation. At each orientation level the data points
straining fall on the same line.

between strength properFleischman (59). The
with specific drying
high levels of fiber
for wet pressing and wet

The variation of machine direction tensile index with drying stress is
shown in Fig. 15. It is interesting to note that the relationship is now nonlinear with greater scatter at the medium and high levels of fiber orientation.
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Modulus variation with drying stress based on data of
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Tensile index variation with drying stress based on data
of Fleischman (59).

However, if we plot the variation of tensile index with apparent density for
different levels of wet straining and fiber orientation, as shown in Figure 16,
then we see that there is approximately a linear relationship between tensile
index and density at each of these levels.
5.0 Predictions of Strength Properties.
Product design and optimization would be greatly facilitated by our ability
to predict strength properties. A number of attempts have been made to predict
the tensile strength of paper and more recently its compressive strength. Other
properties such as out of plane shear and tensile strength have yet to receive
attention. Recently, attempts have been made to establish failure criteria for
paper when it is subjected to combined stress situations (34,35).
Continuum Approach - Natural Flaws.
Nissan (60) and later Balodis (61) both examined the application of Griffith's
fracture theory to paper. This equation has already been given and discussed in
the introduction, i.e., Equation 1. Nissan assumed that an adequate test of the
theory would be to determine if the failure stress o is proportional to the
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Tensile Index Variation with density based on data.
Fleischman (59).

elastic modulus E raised to the half power, i.e. os El. This criteria assumes
that the fracture energy and flaw size remain constant. Nissan found using
Higgins' results for beaten pulps which had been acetylated that the power for
the elastic modulus was 1.23. He therefore concluded that Griffith's theory did
not hold and proceeded to develop his molecular approach based on hydrogen
bonding.
Balodis (61) whose main concern was with measuring fracture energy also examined Griffith's theory. He argued that fracture energy would vary as modulus
was varied and therefore looked at the relationship between failure stress a and
the product (EGc)n for which he found n=0.4. He concluded, since his correlation coefficient was r = 0.75, this value of n was not significantly different
from 0.5. No consideration was given by either of the authors to the conditions
under which brittle fracture conditions might occur as discussed earlier in this
paper or that the critical crack length might also vary for the conditions examined.
Seth and Page (62) have made careful measurements of fracture resistance and
their results have been used to calculate a fracture resistance based on cellulose cross section, i.e. (R x 1.55 x 9.81 x 103 )/BW having units of J/m2 where R
is their fracture resistance gcm/cm. The variation of fracture resistance with
density, varied by refining, for the four pulps is shown in Fig. 17.
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We note that there is a maximum in fracture resistance for three of the
pulps. It would be interesting to determine how fracture resistance varies with
wet pressing at constant levels of refining. The levels of fracture resistance
are, according to Ashby (4), appropriate to ductile fracture as discussed
earlier and it is unlikely that conditions for brittle fracture will be
satisfied at Tappi standard conditions. The data of Seth and Page (62) have
also been used to determine the index n, as discussed above, for the four pulps
and the results are shown in Table VI.
TABLE VI
VALUES OF n FOR a* = A (Gc/p E/p)n
Pulp Type.

A

n

Unbl. softwood kraft.

1.88

0.672

0.948

bl. softwood kraft.

0.517

0.847

0.944

bl. softwood sulfite.

0.969

0.798

0.894

bl. hardwood kraft.

4.62

0.476

0.970

In these calculations a specific fracture resistance Gc/p was used which is more
consistent with the strength properties we have discussed so far. The correlations are considerably better than the one given by Balodis (61), and for the
bleached hardwood kraft pulp the value of n is quite close to 0.5.
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Predictions for the ultimate tensile strength of paper developed by a number
of researchers are summarized in Table VII.
It is interesting that no fundamentally new contributions have been made in this area over the past fourteen years.
TABLE VII
PREDICTIONS FOR THE ULTIMATE STRENGTH OF PAPER.

a

Kallmes, O., Perez, M. (63)
1. Failure induced by bond failure
ao

=

1 10 C

RRBA
RBA < Rcrit.
RBAcrit.

2. Failure induced by fiber failure

Omax = ORBAcrit.

° =

1
-

f

Perez, M. (64)
1. Release of microcompressions
a = 0.35 of RBA/RBAcrit.
Page, D. H.(65)
1. Fiber failure

a =

f

6

0 max

RBA
RBAcrit.

1

F

L1 +

2

RBA/RBAcrit.

= °RBAcrit. " 0 = 3 of

where Of is fiber ultimate tensile stress, RBAcrit. = tf/WS (modified form of
parameter introduced by Kallmes and Perez) tf is fiber strength, X fiber length,
W fiber perimeter, s bond strength/unit area. C is a constant.

The equations developed by Kallmes and Perez (63) and Page (65) are rather
similar as has been recently pointed out by Williams (66). Both predict that
the tensile strength of the network approaches one third the tensile strength
of its constituent fibers for a well bonded network. Page's equation has the
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advantage that it does not contain any undetermined constants. It is also consistent with his and Seth's more recent work (67) that the elastic and plastic
deformation behavior of the network is essentially controlled by fiber deformation behavior.
Page (65) made an impressive and largely successful attempt to validate his
equation; however, some questions and criticism still remain. The form of the
equation is such that a linear relationship should exist between inverse tensile
strength and inverse relative bonded area (R.B.A.), provided that the bond to
fiber strength ratio remains constant. Furthermore, it is assumed that this
ratio will remain constant with wet pressing. As far as I am aware there have
been no published results verifying, or otherwise, this basic relationship employing
independent measurements of R.B.A. The measurement of R.B.A. is not particularly straightforward; for example, how does one measure the total surface area
appropriate to a particular state of bonding? The most direct approach to this
problem so far has been the work of Rennel (68,69) using nitrogen adsorption
techniques to determine the total surface area of individually (sprayed) dried
fibers. Rennel found that the total surface area varied with refining and that
at low levels of refining the uncollapsed lumen contributed significantly to
surface area. These difficulties have prompted some researchers (11,70) to
replace R.B.A. with relationships involving apparent density.
El-Hosseiny (70) has recently made a critical examination of these strength
theories and feels that, in view of their shortcomings, more refined theories
are needed to understand the basics of paper strength. In his review he substituted apparent density for R.B.A. in the Page and Kallmes equation as well as
deriving empirical equations based on either R.B.A. or apparent density, zero
span, and fiber length to fiber wall thickness ratio, and found them to be
equally good predictions of tensile strength. Although El-Hosseiny (71)
demonstrates that there is a high degree of correlation between scattering coefficient and density, there is still the question of how to determine So or the
constants k1 and k2 of his Equation 3 (71) given below:
R.B.A. = k1 + k2 Pa,

(4)

where Pa is the apparent density.
The data of Rennel (72,76) has also been used by this author to demonstrate
that there is indeed a reasonably linear relationship between R.B.A. and Pa as
shown in Fig. 18 and Table VIII, although the r2 values are not particularly
impressive. The four pulp types A, B, C, and D are identified in Table X.
This author has also examined the dependence of ultimate strength on apparent
density (73,74) and has found the following empirical correlation to hold quite
well.
A* =: *o (Pa/Pf)

oro* =ao*0 (1-c)n

(5)
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TABLE VIII
RBA - DENSITY CORRELATION USING DATA OF RENNEL (72,76)
A.
B.
C.
D.

%RBA
%RBA
%RBA
%RBA

=
=
=
=

-31.2
8.208
-25.0
-21.1

+
+
+
+

r2
r2
r2
r2

125.6 ca.
77.71 Oa.
105.7 Pa.
81.7 pa.

=
=
=
=

0.936
0.899
0.918
0.792

10Oi

8

6
m
a:

APPARENT

Figure 18.

DENSITY,

p,

g/cm'

Variation of RBA with density based on data Renne1(72,76).

w 0.

b °.

(I - )

Figure 19.

Tensile strength density relationship.
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TABLE IX
PARAMETERS FOR
Pulp I 19.0% Lignin
C.S.F.

aO

LUNER, et al.'s DATA (75)

Pulp II 12.0% Lianin

r2

n

n

= aO(1-c

C.S.F.

oO

Nm/g

n

Puln III

2.3% Lianin

C.S.F. 'o

r2

Nm/g

n

r2

0.992

Nm/g

680

125

1.39

0.995

690

143

1.36

0.985

660

124

1.05

680

105

1.08

0.998

680

137

1.06

0.986

640

118

0.809 0.992

590

138

1.04

0.992

580

145

0.921 0.969

590

131

0.839 0.982

410

126

0.890 0.994

410

151

0.796 0.962

370

136

0.637 0.949

r2 = (correlation coefficient) 2
Pulps I, II and III bleached birch.
TABLE X
PARAMETERS FOR a = ao(1-)n
Pulp B

Pulp A
PFI

n

unbeaten

RENNEL'S DATA (72,76)

r2

2

r

C

Pul

Puln D
r2

n

n

r2

152

1.20

0.982

133

0.991 0.985

500

164

1.10. 0.997

143

0.947 0.952

1000

169

1.06

0.970

192

1.21

0.959

2000

169

0.973 0.967

169

1.05

0.965

53.0 0.651 0.981

73.9 0.784 0.953

4000

157

0.758 0.886

118

0.494 0.889

66.1 0.649 0.839

78.1 0.843 0.988

8000

150

0.598 0.777

126

0.513 0.971

84.0 0.758 0.929

75.6 0.828 0.979

16,000

122

0.235 0.492

122

0.472 0.977

81.2 0.539 0.898

73.4 0.847 0.959

32,000

165

0.735 0.936

125

0.466 0.943

81.6 0.792 0.879

60.3 0.615 0.943

r2 =
Pulp
Pulp
Pulp
Pulp

(correlation coeff.) 2
A: Scandinavian Spruce
B: Douglas Fir
C: Dried Sulfate
D: Groundwood

16.2 0.449 0.981
-

-

-

106

0.879 0.857

83.3 0.879 0.827
77.0 0.842 0.773
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The form of the equation is shown in Fig. 19. At a given network solidity (1-E),
n decreases as tensile strength increases. Some results using the data of Luner
(75) and Rennel (72,76) are summarized in Tables IX and X, respectively.
The r2 values obtained for Luner's data are quite good. The index n decreases
with refining and decreasing lignin content, and might possibly he interpreted as
an index of fiber flexibility. The ultimate strength of the network (i.e., when
there are no voids) is fairly constant having its highest value at a lignin content of 12.0%. Although some of the r2 values for Rennel's data are rather poor
(Table X), similar trends in the parameters o* and n with refining were found.
Using Rennel's (76) R.B.A. data (gas adsorption), correlations between
1/(8/9)z and 1/RBA were also performed, (i.e., Page's equation) and the results
are summarized in Table XI.
The r2 values are similar to these obtained for the density correlations;
however, reciprocals of the intercept values, i.e., (8/9z) vary quite considerably, particularly for Pulp B. These results do not necessarily invalidate
Page's equation, since the fiber to bond strength ratio may not be constant with
wet pressing. The most direct approach, of course, would be to make independent
measurements of the necessary fiber, bonding,and network parameters and then
compare.predicted strength values with measured ones.
Edgewise Compressive Strength oc
The measurement of compressive strength has recieved a good deal of attention recently particularly in view of its importance to container board performance. This activity has also been followed by attempts to understand the
mechanisms of compressive failure and to predict compressive strength. The
mechanism of failure is basically viewed as an instability phenonemon and as
such is more amenable to analysis than tensile failure discussed in the last
section.
The three general modes of failure shown in Fig. 20 which have been given
by Uesaka and Perkins (77) are: 1) bending shear buckling, 2) shear band formation, and 3) bulging mode failure.

(1)
Figure 20.

(2)

(3)

Compressive modes of failure, Uesaka and Perkins (77).

-0

(D

TABLE XI
PARAMETERS FOR PAGE'S EQUATION, RENNEL'S
Pulp B

Pulo A
PFI
Mill

8/9Z
Nm/g

slope

unbeaten

434

0.7821

500

209

1000

Puln £C

8/9Z
Nm/g

slope

0.978

23793

1.039

0.984

0.527

0.977

499

0.822

362

0.614

0.957

-398

2000

456

0.617

0.981

4000

182

0.348

8000

170

16,000
32,000
r2 =
Pulp
Pulp
Pulp
Pulp

DATA (76).

8/9Z
Nm/g

slope

13.1

0.601

Piuln1

8/9Z
Nm/g

slope

29.2

0.0720

0.754

0.965

33.8

0.096

0.856

1.016

0.985

34.0

0.0879

0.727

-219

1.117

0.933

46.5

0.502

0.946

35.9

0.0844

0.790

0.899

296

0.585

0.938

63.2

0.460

0.900

37.7

0.1302

0.770

0.291

0.757

316

0.554

0.961

90.3

0.527

0.853

39.4

0.1320

0.831

136

0.156

0.830

-1512

0.773

0.987

76.2

0.276

0.411

60.8

0.375

0.991

188

0.323

0.878

329

0.552

0.986

97.1

0.656

0.704

49.3

0.187

0.991

r2

(correlation coeff.) 2
A: Scandinavian Spruce
B: Douglas Fir
C: Dried Sulfate
D: Groundwood

r2

r2
0.490

r2

cr

0
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The precise conditions under which any one of these modes may occur have
not yet been defined, although the above authors have established predictions
for compressive strength for each of the modes. Their usefulness is limited by
lack of experimental data for slide modulus. This approach treats paper and
board as an orthotropic continuum. The observations of Fellers et. al (78)
indicate fiber segment buckling is predominant in low density boards, while cell
wall failure is in evidence at medium and high densities. Sachs and Kuster (79)
observed the growth of voids and failure, and slippage between the S1 and S2
layers (during compressive loading) leading to interfiber bond failure and delamination. Fiber buckling and the establishment of the modes mentioned above
were considered to be post failure phenomena. The growth of voids and delamination has also been pointed out by Habeger and Whitsitt (78) and is embodied in
their predictions for compressive strength in contrast to Uesaka and Perkins who
use a wholly continuum approach. The model adopted by Habeger and Whitsitt is
that of an initially curved lamina bending into a reinforcing orthotropic
medium. When the shear strength between this critical lamina (whose thickness
is of the order of one fiber) and medium is exceeded, failure occurs, resulting
in a large deformation. Buckling as such does not occur. The model gives
results which agree in form with the empirical relationships which prompted its
development as illustrated in Fig. 21. Furthermore, the plateau region (i.e.,
the span/caliper ratio over which the measured compressive strength is constant)
is correctly predicted. Equations for the prediction of compressive strength
are summarized in Table XII.

.08
0 MD

x.

Figure 21.

Compressive strength correlation.

Habeger and Whitsitt (80).
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TABLE XII
SUMMARY OF EQUATIONS FOR COMPRESSIVE STRENGTH.
Perkins, R. W. Jr., McEvoy, R. P. (82)
ctc=

0.91L/[1 + 3/72 (1/t) 2 0.91 L/EiT

Where L is Biot's slide modulus, ET effective tangent modulus and (l/t) span to
thickness ratio.
Uesaka, T., Perkins, R. W. Jr. (77)
oc = k L
ac = 2/3 G/[1 + 3/72 (l/t) 2 2/3 G/E]
Where G is the out-of-plane shear modulus.
Habeger, C. C., Whitsitt, W. J. (80)
/0.4540
0.360
RW

i -

C1

2/3

C5 5 1 /6 C3 3 1/6

C13 + C5 5
C1 1l C33 ½

3

where the roughness weakness factor R.W. = (SAo/t)(C55/Tf).
and the Ci 's are the orthotropic elastic constants. Tf is the shear strength
and (6Ao/t) the initial deflection to thickness ratio of the critical lamina.
A good approximation to the above equation is ac:C112/ 3 C551/ 6 C331/6 /R.W.
The constants in parenthesis of the above equation refer to the middle and outside locations of the critical lamina.
6.0

Ultimate Strength Requirements of Paper Products

Many of the measured properties of paper are inappropriate to its converting and end use. Uniaxial tensile strength might be expected to be an
important property with respect to runnability (web breaks). However, when webs
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contain flaws such as shives (83) and edge cracks, failure is likely to occur at
stresses considerably below its maximum tensile stress. One promising approach
to this problem area has been that of Page and Seth (84) who have demonstrated
the validity of the fracture mechanics approach. A technique was developed for
making meaningful fracture resistance measurements and a correlation, albeit a
very time consuming one, was established between fracture resistance and
runnability.
Fracture in an unflawed sheet will be initiated in a region of high stress
concentration and will rapidly propagate if sufficient energy is stored in the
web. Stress concentration may arise due to non-uniformities in sheet structure
(partial bond failure may be viewed as one means by which stress concentration
in the network is alleviated) and how the web is stressed. Although nonuniformities in structure, i.e., mass and strength, have been the concern of a
number of researchers (22,85,86), the impact of mass and strength nonuniformities on runnability have yet to be determined.
The safe transportation and storage of goods and materials in corrugated
containers requires amongst other things that they are able to withstand top to
bottom compressive loading. Compressive strength, so it appears, is on considerably firmer ground in the area of box design. Some years ago McKee, et al.
(87) established a relationship between box compressive strength, P, and the
compressive strength and flexural stiffness of combined board, and box geometry.
McKee et al., (87)

Where Pm is edgewise compressive strength, Dx and Dy, are the flexural
stiffnesses in MD and CD direction of combined board, and Z is the box perimeter.
A precise relationship between the compressive strength of combined board
and its components, the liner and medium, has yet to be established. The
compressive strength of the components is clearly important and in the past ring
crush has been used as a relatively simple measure of it; however, as reviewed
earlier, a number of methods are available for the measurement of intrinsic compressive strength. The simple summation model (88) and the more fundamental work of Johnson and Urbanek (89,90) are possible approaches to
developing working relationships between combined board and component
compressive strength.
The importance of interlaminar shear deformation in practice has yet to be
fully appreciated. In cases where other stresses are present its precise role
may be difficult to determine. In forming corrugating medium out-of-plane
shear deformation occurs, and bending, tensile, and compressive stresses are
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also present. It is possible to delaminate the medium under certain running
conditions, and shear deformation (possibly low shear strength) must be a
contributing factor. Shear deformation occurring during flute formation might
also adversely affect compressive strength; however, this does not seem to be
the case (39). Nevertheless, shear in combination with other stresses might
have a more adverse effect on the compressive strength performance of the
medium.
Calendering and supercalendering are other areas where out-of-plane shear
deformation could be important. It has been proposed that paper undergoes
significant shear deformation in the supercalender nip, and usually there is a
loss of tear particularly C.D., while tensile strength may either increase or
decrease (91). No good explanation for these effects has yet been presented.
Compressive strength, adhesive joints, and surface strength are areas where outof-plane properties are important. Surface strength is important in printing
processes where localized normal or Z direction stresses are present. Sometimes
failure will occur due to local imperfections such as vessel elements. Adhesive
joints, e.g., medium and liner joints in corrugating etc., are complicated by
the application of adhesive which can modify the surface layers of the adherends
and if aqueous based can cause interfacial weaknesses (92). Nevertheless the
so-called cohesive failure of the adherends when subjected to out-of-plane combined stresses is an important area of consideration. The use of polymer reinforced paperboard materials for shoe innersoles is an interesting example from
the speciality paper field. In Welt rib construction the innersole, which forms
the 'keel' of the shoe, has a rib cemented to its underside. The upper material
of the shoe is attached to this rib by side lasting and stitching operations.
During these operations depending on shoe style etc., a complex dynamic loading
is imparted to the rib structure through the upper material which can lead to
adhesive failure, or in some cases cohesive failure of the innersole board
material. This type of failure in shoe production can be quite costly.
Paper is a unique material. Over the years attempts have been made with
varying degrees of success to apply other disciplines of materials science to
paper, i.e., continuum mechanics, composites, fracture mechanics, etc., to help
in providing a more basic and rigorous understanding of its behavior. In principle we would like to be able to design a paper product from first principles,
i.e., determine the stresses which it will be subjected to during converting and
end use such that the most suitable combination of materials may be selected.
The nature of paper and papermaking are such that this ambition may never be
totally realized.
I realize that I have omitted a number of important areas in this presentation. However I hope that my brief overview of the ultimate strength properties of paper represents a reasonably accurate statement of the current state of
our paper physics art and that the stage has been set for the papers which
follow in this session.
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PROJECT TITLE:
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FIBER-TO-FIBER BONDING
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$85,000

Period Ends:
K. W. Hardacker/G. A. Baum
oject No.:
PROGRAM
Bring GOAL:
new attributes to wood-based products.
PROGRAM GOAL: Bring new attributes to wood-based products.

6/30/85

PROJECT STAFF:

3527

PROJECT OBJECTIVE:
The ultimate project objective is to define steps for making a paper of superior
strength and with superior performance at high humidities. The immediate objective is to develop instrumentation to measure fiber mechanical properties in
order to better understand the action of water in degrading fiber strength,
stiffness, and fiber-fiber bonding.
PROJECT RATIONALE, PREVIOUS ACTIVITY, and PLANNED ACTIVITY FOR FISCAL 1984-85
are on the attached 1984-85 Project Form.
SUMMARY OF RESULTS LAST PERIOD: (October 1983 - March 1984)
Design of the new instrument is underway, with several elements complete, and
others in fabrication. The details are presented in the attached report.
SUMMARY OF RESULTS THIS PERIOD: (March 1984 - September 1984)
All instrument components have been received.
details are presented in the attached report.

Final assembly is underway.

The
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-137-

PROJECT TITLE:

Measurement of Fiber Properties and
Fiber-to-Fiber Bonding

PROJECT STAFF:

K. Hardacker/G. A. Baum

Date:

6/1/84

Budget: $65,000
Budget:
$65,000
Period Ends: 6/30/85

PRIMARY AREA OF INDUSTRY NEED:
PROGRAM AREA:

PROGRAM GOAL:

Properties related to
use
Moisture tolerant, superior strength
paper and board.

Status Report

Project No.:

3527

Approved by VP-R:

Bring new attributes to wood-based products.

PROJECT OBJECTIVE:
The ultimate project objective is to define steps for making a paper of superior
strength and with superior performance at high humidities. The immediate objective is to develop instrumentation to measure fiber mechanical properties in
order to better understand the action of water in degrading fiber strength,
stiffness, and fiber-fiber bonding.
PROJECT RATIONALE:
At present, commercial papers do not attain strength levels that realize the
full potential of existing wood fibers. Most paper mechanical properties are
markedly degraded with increasing paper moisture content. We need to better
understand the nature of these changes in fiber properties and fiber-to-fiber
bonding with increasing moisture content, if we are eventually to improve the
moisture tolerance of paper.
RECENT ACTIVITY:
There has been limited activity on this project to date. A literature search
has been conducted. Ultrasonic techniques have been used to measure the inplane and out-of-plane elastic constants of paper up to moisture contents of
60%. Above about 40% moisture, the water in the sheet dominates the measurement.
PLANNED ACTIVITY FOR THE PERIOD:
This effort represents a start on one of our expansion projects. The short term
goals are to evaluate the capabilities of existing equipment to make measurements of fiber properties as a function of moisture content, and to develop new
instruments and techniques, as needed, to measure fiber properties and fiber-tofiber bond strength vs. moisture content.
An instrument to measure axial or transverse fiber mechanical properties, or
fiber-fiber bond strength has been designed and is currently being constructed.
POTENTIAL FUTURE ACTIVITIES:
Construction of the stated piece of equipment will lead to a number of applications in other research areas.

Status Report
MEASUREMENT OF FIBER PROPERTIES AND FIBER-FIBER BONDING
Project 3527
One facet of the development of moisture tolerant, superior strength paper
is the determination of the effects of moisture on the individual fibers and on
the bonds between the fibers.

Measurements of the following properties are

indicated:
1. Fiber axial tensile load/elongation characteristic

-

Breaking stress
Breaking strain
Work to rupture
Initial modulus
2. Tensile characteristics of various bonded-fiber-pair configurations.
3. Fiber transverse tensile load/deformation characteristics.
4. Fiber (and crossed fibers) transverse compression load/deformation
characteristics.
5. Fiber cell wall shear modulus.
A literature survey was made to determine how other investigators had made
these measurements.
desired measurements.

No single method appeared well suited to making all the
In fact, the Institute's existing Fiber Load Elongation

Recorder, with suitable fixtures, could be used for measurements 1-4'except for
marginal sensitivity for the transverse measurements.
Rather than try to upgrade the Fiber Load Elongation Recorder, it was
decided to design and construct a versatile new instrument with adequate range
and sensitivity.
With the exception of the fixtures to which the specimens will be loaded,
design of this new instrument is essentially complete.

Scale drawings are shown
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In essence, an electronic weighing cell, A, is suspended

beneath a mounting plate, B, by means of four flexure springs, C. A dc servo
motor, D, turns a differential

screw, E, pulling or pushing the weighing cell to

apply a tensile or compression load to a specimen mounted between the clamps, F.
The right hand clamp may be positioned along the test axis by the compound
microscope focusing mechanism, G, and be locked in place by the clamp, H.
Specimen extension or compression is measured between this fixed clamp and the
opposing, movable clamp.

A capacitive displacement transducer, I, supported by

the pillar, J, senses the position of the movable clamp.
After considerable delay, the parts machined locally have been completed and
delivered.

Assembly of the instrument is proceeding.

Figure 1. Side view of the Fiber Load Elongation Recorder, Model II.
Scale: 1 in = 5 in. A - electronic weighing cell, B mounting plate, C - fTexure springs, D - dc servo motor,
E - differential-screw, F - clamps, G - microscope focusing
mechanism, H - clamp, I - transducer, and J - pillar.
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view of the mounting structure for the load cell of
Fiber Load Elongation Recorder, Model II.
electronic weighing cell, B - mounting plate,
flexure springs.

The signal for driving the dc motor will be derived by comparing the signal
from the load or elongation sensor with a linear ramp reference voltage.

Thus,

testing may be done either at constant rate of loading or constant rate of
elongation.

Use of other reference waveforms will also be possible, if

desired; e.g., logarithmic rate change, hold at constant load or elongation,
sine wave cycling, rate proportional to measured work input, etc.
generator has been constructed.

This ramp

Preliminary tests show it to be working well.

Some parameters are listed in Table 1.

Table 1. Measurement ranges.

Load cell

I

Load cell II

Range

Sensitivity

50 grams

1 milligram

400 grams

5 milligrams

Elongation sensor I

0.05 mm

0.05 um

Elongation sensor II

0.25 mm

0.25 um

Time to full scale load
elongation

2 sec to 400 sec
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The electrical drive circuit for the load cells has also been constructed.
Modifications have been made to the purchased readout circuitry for the
elongation transducers to permit automatically stopping the specimen loading
system when the limits of the linear response of the measuring system are
reached.

A suitable stereoscopic microscope has been obtained to permit viewing and
photographing the specimens during the tests.
Fiber and bond tests are to be conducted at various moisture contents.
will start with the apparatus in a 50% RH, 73F room.

Work

In order to vary the

specimen moisture contents, at 73F, air conditioned to other relative humidities will be passed over the specimens.

This custom-conditioned air will be

produced by mixing dry air from a tank of compressed, dry air with moisturesaturated air produced with a small bubble-type saturator.

The air flow rates

required are low enough and the moisture equilibration rates of single fibers
are fast enough to make this a practical, relatively inexpensive process, while
also providing maximum ease of access to the test area.

Temperature and rela-

tive humidity will be sensed by a probe located near the specimen.

The

necessary equipment has been obtained and will be assembled at a suitable time.
If it is desired at some later time to test at other temperatures, it would
probably be best to supply larger quantities of conditioned air to the box-like
support structure of the apparatus.

This air might best be provided by a com-

mercial, mechanically refrigerated, air handling unit.
Specimen gripping techniques are needed for each of the five types of test
listed on the first page.

Not all of these are completely developed, but some

possibilities will be discussed in the oral presentation.

THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin

Status Report
to the

PAPER PROPERTIES AND USES
PROJECT ADVISORY COMMITTEE

Project 3501
DEVELOPMENT OF ANALYTICAL TECHNIQUES FOR CHARACTERIZING
WOOD AND FIBER AND RELATED EXPLORATORY RESEARCH

September 10, 1984

Project 3501
PROJECT SUMMARY
PROJECT TITLE:

PROJECT STAFF:

Date:

9/10/84

DEVELOPMENT OF ANALYTICAL TECHNIQUES
FOR CHARACTERIZING WOOD & FIBER AND
RELATED EXPLORATORY RESEARCH

Budget:

Period Ends:

6/30/85

John Litvay

Project No.:

3501

PRIMARY AREA OF INDUSTRY NEED:
PROGRAM AREA:

Status Report

-143-

$77,000

Raw Materials

Special Competence

PROGRAM GOAL:
Increase the supply and improve the utilization of the fibrous raw materials.
PROGRAM OBJECTIVES:
Evaluate and/or develop the analytical techniques required to meet Institute and
member company demands for characterizing wood and fiber. Investigate novel
ideas and develop supporting information to justify funded projects having the
objective of expanding the industry's source of useable fibers.
PROJECT RATIONAL:
Improved utilization of the available supply and investigations into new sources
of fiber require having adequate analytical techniques.for characterizing the
original untreated source of fiber and the influence that chemical and mechanical action has on the usefulness of these new sources of fiber. These same
techniques are expected to be useful in evaluating present and new pulping,
bleaching, and refining procedures. Additionally, researchers are encouraged to
devote part of their time to developing novel ideas that will result in new analytical techniques and/or new research projects.
PREVIOUS ACTIVITY:
Two state-of-the-art electron microscopes, a scanning electron microscope (SEM)
and a scanning transmission electron microscope (STEM), were purchased. Also
purchased were two x-ray detection systems an Energy Dispensive Spectrometer
(EDS) and a Wavelength Dispersive Spectiometer (WDS). Previous activity was
centered on setting this equipment up and establishing basic operational procedures.
PLANNED ACTIVITIES FOR FISCAL 1984/1985:
To see if this new instrumentation can help solve industry problem in (1) Zdirection distribution of fillers in papers and (2) quantification of fillers in
papers.
SUMMARY OF CURRENT RESULTS:
A compiler program has been written, by a student for his A291 research,
which gives us the capability of determining the Z-direction distribution of

Project 3501
fillers in a sheet of paper.
documented.
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The accuracy of the obtained profiles need to be

Studies have been conducted which show the use of x-ray fluorescence spectrometry, on the SEM column; to as accurate a method of quantify filler contents
as x-ray diffraction or atomic absorption. EDS was found to be unacceptable for
quantification. The quantification of clay, however, needs further refinement
if the sheet also contains titanium dioxide or calcium carbonate.

THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin

Status Report
to the

PAPER PROPERTIES AND USES
PROJECT ADVISORY COMMITTEE

Project 3526
FUNDAMENTALS OF INTERNAL STRENGTH ENHANCEMENT
Improved Bonding via Chemical Additives
Fundamentals of Bonding in Conventional Pulps

September 10, 1984

-146-

Project 3526

PROJECT SUMMARY
PROJECT TITLE:

PROJECT STAFF:

Status Report
Date:

Fundamentals of Internal Strength
Enhancement
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Pulps

Budget:

9/10/84
$220,000

Period Ends:

6/30/85

Project No.:

3526

R. A. Stratton/J. J. Becher

PRIMARY AREA OF INDUSTRY NEED:

Properties related to end
use

PROGRAM AREA:

Moisture tolerant, superior strength paper
and board

PROGRAM GOAL:

Bring new attributes to fiber based products

PROJECT OBJECTIVE:
To improve internal strength and moisture tolerance in paper and paperboard.
The short terms goals are to establish those parameters fundamental to interfiber and intra-fiber bonding in conventional and ultra high yield pulps and to
control these parameters, if possible, by chemical or mechanical treatments.
PROJECT RATIONALE, PREVIOUS ACTIVITY, and PLANNED ACTIVITY FOR FISCAL 1984-85
are on the attached 1984-85 Form.
SUMMARY OF RESULTS LAST PERIOD: (October 1983 to March 1984)
(1) Concerning the use of chemical additives, the moist and wet tensile factors
were corrected to a constant sheet density. As described in the attached
Section 1, this did slightly reduce these factors, but the original conclusions remained the same. A study to determine whether the treated papers
absorbed less moisture revealed that treated and untreated sheets had about
the same moisture content at a given RH.
(2) Certain of the treated papers showed a lack of sizing, but it was determined
that sizing agents could be used without degrading the benefits from the
strength additives, as discussed in Section 1.
(3) The effect of fines in conjunction with strong additives were studied. In
general, whole pulp handsheets were stronger than sheets from classified
pulps. It is believed that the strength additives are preferentially
retained by fines and thus have a lesser effect in the case of the
classified pulps (Section 1).
(4) Concerning fiber bonding studies, work has expanded to include locations of
bond failure in unrefined EW and LW fiber systems and refined (300 CSF)
fibers (Section 2 attached). For either the EW or LW fiber systems bond
failure can occur either in the cell wall or between fibers. The governing
factors are not yet understood. The mode of failure with the refined fibers
is more difficult to establish because of the altered surfaces due to
refining. This work is continuing.

Project 3526
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(5) The strength of fiber-fiber bonds
pressed and air dried and (2) wet
low pressure. Refined fibers, as
work is described in the attached
SUMMARY OF RESULTS THIS PERIOD:

Status Report

have been measured for (1) bonds wet
pressed and oven dried but maintaining a
anticipated, produce stronger bonds. This
Section 2.

(March to September, 1984)

(1) With respect to the use of polymeric additives, extended studies with the
polyacrylic acid/polyamide polyamine epichlorohydrin (PAA/PAE) combination
revealed that the presence of a third polymer such as polyvinyl alcohol
(PVA) provided relatively small improvements in tensile properties. This
applies to the typical yield softwood unbleached kraft pulps used in this
study.
(2) PAA/PAE ratio was not found to be critical to strength properties at addition levels of 1% or less.
(3) Strength properties tended to increase slightly with increase in PAA molecular weight but, in general, little advantage was obtained at a PAA
molecular weight greater than 104,000.
(4) The repulpability of papers containing CMC/PAE or PVA/PAE/PAA was found to
be roughly comparable to those containing PAE alone although more intensive
pulping may be required.
(5) Analysis of CMC/PAE and PAA/PAE treated papers using Fourier Transform
Infrared (FTIR) indicated that covalent bonding occurred between the polymeric additives and there was some indication that covalent bonding also
occurred between the additives and cellulose.
(6) The vertical polarized light method has been adapted for the measurement of
bonded area of individual fiber/fiber bonds. Techniques were developed for
measuring the bonded area, bond strength, and locus of bond failure on the
same bonded fiber pair.
(7) An instrument has been developed for measuring the dynamic mechanical properties of paper samples by the vibrating reed technique. Temperatures from
ambient to 200°C and a range of relative humidities can be encompassed.
This instrument will be used to monitor the glass transition temperature of
the lignin component in very high yield pulps as a function of chemical
additives or derivatization.
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PROJECT OBJECTIVE:
To improve internal strength and moisture tolerance in paper and paperboard.
The short terms goals are to establish those parameters fundamental to interfiber and intra-fiber bonding in conventional and ultra high yield pulps and to
control these parameters, if possible, by chemical or mechanical treatments.
PROJECT RATIONALE:
Major limitations of paper and board for many uses are low internal bond
strength and poor moisture tolerance. Improved internal strength and enhanced
moisture resistance would allow a number of present grades to be produced using
less fiber and would also allow new end uses to be developed.
Size pressing is one way currently used to enhance internal strength. If this
operation could be eliminated, or substantially changed to improve paper machine
runnability, paper machine productivity could be also significantly improved.
PREVIOUS ACTIVITY:
A literature survey was conducted and a state-of-the-art report on bonding has
been prepared.
PLANNED ACTIVITY FOR THE PERIOD:
This project is complementary to two expansion projects proposed in 1982: one
concerned with moisture tolerant products and the other high yield pulps. In
addition, another current project (3527) is concerned with the development of
instrumentation which will be eventually used in this project.
The following activities are planned for this fiscal year.
(1) A program will be initiated to identify those parameters critical to bonding
which can be controlled by chemical or mechanical treatments to the fiber.
(2) Several promising methods for improving bonding in conventional pulp furnishes,
that were mentioned in the literature, will be evaluated in enough detail to
determine optimum conditions and as starting points for novel treatments.
(3) A survey of the literature together with an assessment of current work
(through personal contacts) will be undertaken to identify those parameters
fundamental to bonding in ultra high yield pulps. It is anticipated that
some or all of these parameters will be different from those found in
(1) above.

SECTION 1
FUNDAMENTALS OF INTERNAL STRENGTH ENHANCEMENT
Improved Bonding via Chemical Additives
INTRODUCTION
The effects of several process parameters on the efficacy of polymeric
additive systems were reviewed at the last PAC meeting.

Correcting tensile

factors to a constant sheet density (that of the blank controls) reduced the
strength values slightly but the original conclusions remained the same, i.e.,
the polymer system of carboxymethyl cellulose and polyamide polyamine epichlorohydrin (CMC/PAE) produced significant advantages in breaking length compared to
the PAE controls.

The effect of relative humidity on sheet moisture content was

found to be about the same for polymer-treated papers as that for the blank
controls.

This included polyvinyl alcohol/trimethylolmelamine (PVA/TMM) and

PVA/PAE with and without polyacrylic acid (PAA).

Hence, differences in moisture

sorption did not represent a factor in strength properties.
The presence of sizing agents at pH 5 and 8-9 did not have a marked deleterious effect on tensile properties in the CMC/PAE system.

Examination of

CMC/PAE ratios at a total addition of 1.0% failed to show a consistent advantage
for one ratio over another due possibly to the ionic environment existing in the
unbleached softwood kraft pulps.

Finally, the presence of fines was found to

lower polymer effectiveness based on tensile factors due, at least in part, to
the differences in strength properties of the blank controls which enter into
the calculation of moist and wet tensile factors.

Alternatively, the chemical

additives may have been preferentially absorbed on the fines in the whole pulp
and were therefore not as available for interfiber bonding as in the classified
pulp.
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RESEARCH RESULTS
The recommendation was made at the last PAC meeting that we investigate the
mechanisms by which several of our multicomponent polymer systems develop high
levels of tensile properties, particularly moist and wet tensile.

More specifi-

cally, it was considered desirable to determine if the strength improvements
were achieved through ionic or, possibly, covalent bonding.
addressed later in the report.

This matter will be

However, before pursuing the chemical analyses,

the decision was made to complete work already in progress or planned at the
time of the last meeting.

The work was directed to the effectiveness of PAE/PAA

systems with and without a third polymer.

Results at that time had indicated

that the combination of PVA, PAE, and PAA produced results approaching or
equaling those of the CMC/PAE system.

Based on economic considerations the

decision was made to substitute lower cost polymers for PVA with materials which
were known to produce strength improvements in paper in the absence of other
strength additives.

Guar gum and unmodified cornstarch were selected for this

purpose.
Controls containing 0.5% of PAE and 0.1% of PAA were included in the
series.

The results which are recorded in Table 10 of Progress Report One indi-

cate that (1) the third polymer contributed relatively modest increments to
strength in most cases and (2) the primary combination is PAE/PAA.

It should be

noted that a higher addition of PAA (1% B.O.F) was used in earlier work which is
presumed to have produced an excess of negative charges on the complex resulting
in lower retentions.

Accordingly, the decision was made to examine the effect

PAA/PAE ratio and molecular weight on complex efficiency.

Results of this final

series with the existing pulp supply are presented in Table 11 and Fig. 52-58 in
Report One.
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From these data it may be seen that a consistent advantage in tensile properties did not exist as a function of PAA/PAE ratio.

In general, the maximum

fell within PAA/PAE ratios of 0.1-0.4 or PAA additions of 0.05-0.20%.
The effect of PAA molecular weight is shown in Fig. 52-56.

In general,

tensile properties tended to increase slightly with increase in molecular weight
but this does not appear to be a major consideration, particularly beyond a mol.
wt. of 104,000.

Espy (1) found somewhat similar trends with CMC/PAE combina-

tions.
Considerable time was spent in efforts to ascertain the mechanism of
bonding in the CMC/PAE and PAA/PAE systems through chemical analysis.

ESCA

(Electron Spectroscopy for Chemical Analysis) provided an elemental analysis of
additives in the outer surface region and this information was used to determine PAE content at the surface based on atom percentages.

However, neither

this method nor mass spectroscopy were helpful in ascertaining the mechanism of
bonding.

The most useful information was obtained with FTIR (Fourier Transform

Infrared) analysis using diffuse reflectance on samples of filter paper and
glass fiber filters treated with CMC/PAE and PAA/PAE (Tables 13 and 14 in Report
One).

The results on the glass filters indicate that ester formation or coval-

ent bonding occurred between the added components.

Also, the results with

cellulose filters suggest that some covalent bonding occurs with cellulose.
(Note: the differences listed in Table 14 for PAE alone are probably not
meaningful since the method was at or near the limits of resolution.

However,

the differences between the PAE controls and the additive combinations are considered significant.)

These results apply only to ester formation and do not

rule out other forms of bonding including covalent bonding in the form of other
linkages.
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The schematic by Westfelt (2) shown in Fig. 57 of Report One depicts how
homo-crosslinking might occur between the additives and how co-crosslinking
might occur between cellulose and the additives, both providing improved
strength properties.

In the case of homo-crosslinking, added polymer reacts

with itself or other added components and thereby traps or encases cellulose
fiber surface molecules possibly comprising fibrils or other fiber elements.
Co-crosslinking involves bonding between added polymer and the fiber surface
molecules.

Both of these mechanisms could provide high levels of dry, moist,

and wet strength.

Fig. 58 shows possible reactions between the added polymers

to form ester linkages or covalent bonding.
Finally, a brief examination was made of means to repulp papers containing
CMC/PAE and PVA/PAE/PAA based primarily on methods described by the supplier of
the PAE resin.

The effectiveness of the treatments was based on the Thwing for-

mation of handsheets prepared from repulped stock.

The results which are pre-

sented in Table 15 of Report One suggest that papers containing.multicomponent
systems can probably be repulped in about the same manner as PAE-treated papers,
particularly at pH 11 and 66°C.

Presumably, extending the treatment period or

increasing the temperature and pH slightly would increase the Thwing values of
the polymer-treated papers to that of the controls.

FUTURE WORK
Results obtained in this exploratory study indicate that high levels of
strength can be achieved in an average yield unbleached softwood kraft pulp
through the use of additive combinations which are capable of forming covalent
bonds by crosslinking with themselves or with cellulose.

The possibility exists

that such combinations will be effective in high yield pulps particularly if
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homo-crosslinking is the primary mechanism of strength enhancement.

In other

words, this mechanism of bonding should be effective in cases where
co-crosslinking may be inhibited by the presence of lignin residues.
Accordingly, future work will examine the use of additive combinations such as
CMC/PAE and PAA/PAE in pulps ranging in yield from 57-90%.

The role of fines

will be examined in these systems and consideration will be given to new
approaches for enhancing strength properties.
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J. J. Becher
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SECTION 2
FUNDAMENTALS OF INTERNAL STRENGTH ENHANCEMENT
Fundamentals of Bonding in Conventional Pulps
INTRODUCTION

A specific objective of this project is to improve the strength of the
individual fiber/fiber bond.

This bond depends upon (a) the strength of the

interaction between the two fibers and (b) the area over which these interactions
occur (or the bonded area).

In absence of additives the interactions are

thought to be hydrogen bonds plus the ubiquitous van der Waalsbonds.

Chemical

additives can supplement these interactions to produce improved wet or dry
strength.

If the fiber/fiber interactions are strong enough, the locus of

failure may be between the primary and S1 or between the S1 and S2 layers.

It

is important that we know the location of the failure so that we may direct the
chemical additives to this weak spot.

Our research is focused on characterizing

the strength of the fiber/fiber bond and on its dependence on bonded area and
locus of failure.
In earlier work on this project we have shown that fiber/fiber bonds formed
with apparently identical pressing procedures tended to fall into.two discrete
populations.

Some had strengths greater than 0.5 g and others less than 0.2 g.

In separate experiments we strained single fiber/fiber bonds to failure in the
scanning electron microscope (SEM) and then examined the locus of failure.

In

some cases we could observe no difference between formerly bonded areas and
unbonded areas.

This would indicate the failure to be at the interface between

the two fibers caused by a rupture of the hydrogen bonds.

In yet other cases we

observed various degrees of disruption of one or both of the fiber surfaces in
the formerly bonded area.
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We now report on our development of techniques which will allow us to meld
the various pieces of information above into a coherent whole.

RESEARCH RESULTS
On a given single fiber/fiber bond we need to be able to:
(a) determine the bonded area,
(b) determine the strength of the bond, and
(c) determine the locus of failure.
To achieve this, we have developed a new mount shown in Fig. 1 for the bonded
fibers.

It is constructed of 10 mil thick Mylar with the indicated slot

machined by a laser.

The bonded pair of fibers is cemented to the support

with epoxy resin at their four ends as shown.

(Considerable effort was expended

in an attempt to cement the vertical fiber along its entire length so that the
straining geometry might be more reliably known.

This proved unsuccessful.

The

next best solution is to anchor both ends of the vertical fiber to the mount.)
The drawing is to scale except for the fiber widths which are drawn for effect
about ten times larger than reality.

This mount provides a sturdy support for

handling the bonded fibers during the measurement of the bonded area and during
installation in the fiber load elongation recorder (FLER).

The vertical polarized light method to measure the bonded area optically
was developed by Page and associates (1-3).

Plane polarized light is directed

through a microscope objective lens onto the bond area.

The reflected light

passes back through the lens, through a beam-splitter, and then through a
polarizer crossed at 90° to the initial beam.
visually or photographed.

The bond may then be observed

The microscope stage (with the fiber mount) is
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Slot 0.0075" Width
10 mm

Figure 1. Mylar bonded fiber mount.

rotated to achieve minimum reflectance from the bonded area.
to no scattering from areas in optical contact.

This corresponds

The use of polarized light

increases the contrast between those areas in optical contact and the balance of
the field.

Page (1) has argued that the areas of optical contact do represent

bonded areas.

A typical view is shown in Fig. 2. A projection of such a photo-

graph can be used to provide a tracing of the area of minimum scattering.
the known magnification factors the bonded area can be determined.

From

Preliminary

results suggest this will be a valuable parameter.
After the bonded area has been determined, the Mylar support is mounted in
the jaws of the FLER.

Once secured there, the separation of the mount into two

pieces is performed.

This is achieved by passing a hot wire from the edges into

the laser-cut slot along the lines indicated by dots in Fig. 1. The sample is
then strained to failure to obtain the bond strength.

When the new fiber
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Figure 2. Photomicrograph of fiber/fiber bond using vertical
polarization method. Magnification: 200X.

straining instrument (Project 3527) is operable, a similar procedure will be
used with it.
The two support pieces are then removed from the FLER, the lower one is
turned upside down, and the two pieces are shadowed with gold/palladium preparatory to observation in the SEM.

This sequence of steps should reveal the rela-

tionships among bonded area, bond strength, and type of bond failure.

FUTURE WORK
With the development of the necessary techniques to measure the required
parameters we are in position to study the effects of pulp type, refining, and
chemical additives on the strength of the individual fiber/fiber bond.
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PROJECT TITLE:

COMPRESSIVE STRENGTH

Budget:

PROJECT STAFF:

W. J. Whitsitt/J. F. Waterhouse

Period Ends:

6/30/85

Project No.:

3469

PROGRAM GOAL:

$85,000

Identify critical parameters which describe converting and end-use performance
and promote improvements in cost/performance ratios.
PROJECT OBJECTIVE:
To establish practical methods for enhancing compressive strength during paperboard manufacture.
PROJECT RATIONALE, PREVIOUS ACTIVITY and PLANNED ACTIVITY FOR FISCAL 1984-85 are
on the attached 1984-85 Project Form.
SUMMARY OF RESULTS LAST PERIOD: (October 1983 - March 1984)
(1) Work concerning the compressive strength potential of several high yield
pulps has been initiated.
(2) Work concerning densification of medium and linerboard by wet pressing has
continued, including the impact on bending stiffness.
(3) The question of press felts and their impact on compressive strength will be
investigated in student research (Tom Bither).
(4) Another student (Paul Ruthven) will examine the impact of polymer reinforcement on compressive strength.
SUMMARY OF RESULTS THIS PERIOD:

(March 1984 - September 1984)

(1) The effects of high yield pulp substitution on medium performance has been
investigated.
(2) The effects of furnish composition variation in the Z direction as medium
compressive strength performance has been investigated.
(3) The effects of polymer reinforcement, including location and polymer type on
compressive strength is in progress.
(4) The effect of felt type, i.e. commercial felt and blotter on the properties
of a medium furnish have been measured.
(5) SEM studies of felt type, i.e. commercial felt and blotter on Formette
handsheets has been made.
(6) Preliminary measurements have been made of the effects of forming consistency on compressive strength performance.
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PROGRAM GOAL:
Identify critical parameters which describe converting and end-use performance.
PROJECT OBJECTIVE:
To establish practical methods for enhancing compressive strength during paperboard manufacture.
PROJECT RATIONALE:
Compressive strength is one of the most important end-use properties of linerboard, corrugating medium and other board products. Because of its importance,
better ways to improve compressive strength are needed. Proposed changes in
Rule 41 provided impetus for research on compressive strength. However, even in
the absence of changes in Rule 41, future fiber and energy needs will encourage
changes in board properties to place more emphasis on compressive strength. New
research is expanding our knowledge of the compressive response of the board to
papermaking processes and the relationship of compressive strength to the
elastic stiffnesses governing failure. These developments indicate there are
papermaking ways to approach the objective.
PREVIOUS ACTIVITY:
We have shown that compressive strength is highly related to the in-plane and
out-of-plane elastic stiffnesses of paper. The relationship holds for commercial and experimental sheets made under many conditions. This development
enhances opportunities to monitor compressive strength in the mill using ultrasonic techniques and is guiding improvement efforts.
Compressive strength is favored by high densification to increase bonding and
high fiber compressive stiffness. Our results on oriented sheets indicate that
compressive strength increases with refining but greater increases can be
obtained by wet pressing to increase density. Within a practical range higher
CD compressive strength can be achieved by decreased fiber orientation and/or
increased CD restraint during drying.
PLANNED ACTIVITY FOR THE PERIOD:
We plan to continue investigations of the stress-strain behavior of board as
functions of composition, structure, and process. This includes effects of
fiber properties, pulping, bleaching, and the effects of papermaking variables;
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especially wet pressing, wet straining and drying. We will be focusing special
attention on various types of high yield pulps made from both softwoods and
hardwoods and exploratory work is planned to consider use of non cellulosic
fibers and special strengthening additives. Practical methods for achieving
suitable fiber-to-fiber bonding, sheet formation and directionality will be a
necessary part of the work.
An important aspect of the work is the development of information on how the
above papermaking factors affect the elastic stiffnesses which govern
compressive strength and other properties. This will facilitate on-machine
measurement applications.
A short course, "Development of compressive strength on the paper machine" was
held in Atlanta and Seattle in February with 127 attendees.

Status Report
COMPRESSIVE STRENGTH
Project 3469
Recognizing the importance of the intrinsic compressive strength of liner
and medium, we are continuing our efforts to find practical ways in which this
particular aspect of a container board's performance may be improved.

In par-

ticular, our efforts are directed towards the use of cheaper raw materials e.g.,
high yield pulps and the addition of other raw materials such as polymer
strength additives where a satisfactory cost-performance balance can be achieved.
We are also continuing our work to understand the effects of certain unit
processes of papermaking (i.e. forming, wet-pressing and drying) on compressive
strength and to identify the key parameters involved.
RAW MATERIALS
High-Yield Pulps
It is well known that many paper and board strength properties decrease
with increasing yield, irrespective of the pulping process employed, as
demonstrated by the work of Leibergott and Joachimides (1).

A number of

approaches to combat, what is believed to be a problem in interfiber bonding,
include press drying and sulphonation.

In our last status report we indicated

that high-yield sulphonated pulps showed potential for equalling, or bettering
in some areas, the performance of lower yield pulps.

However it has to be

emphasized that these pulps are not yet a commercial reality.
We are continuing to evaluate the potential of high yield pulps and towards
that end have compared the performance of a sulphonated red oak and a regular
NSSC pulp in corrugating medium.

This work is part of a study to determine the

effects of high-yield pulp substitutions on medium runnability being conducted
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by W. Whitsitt (Project 3571).

The sulphonated red oak was prepared in our

Chemical Sciences Division for another funded research project on high yield
pulps.

The unscreened red oak had a yield of approximately 85%. The pulp,

which was quite shivy, was beaten in a Valley beater to 381 CSF.

Oriented

handsheets were made on the Formette and were wet pressed to different apparent
density levels using the combined wet press and dryer.

The medium furnishes

consisted of 75% sulphonated red oak and 25% unbleached southern pine kraft
having a freeness of 381 CSF, and a control of 75% NSSC pulp and 25% unbleached
southern pine kraft having a freeness of 381 CSF.

The main results are graphed

in Figs. 1-4, where we note that the performance of the two furnishes is quite
comparable.

40

Figure 1. Compressive strength performance of mediums
containing high-yield red oak and NSSC pulps.
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In-plane elastic modulus performance of mediums containing
high yield red oak and NSSC pulps.

Figure 3. Out-of-plane longitudinal modulus performance of mediums containing
high yield red oak and NSSC pulps.
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Figure 4. Tensile strength performance of mediums
containing high-yield red oak and NSSC pulps.

Multi-Ply Sheets
The effects of furnish composition variation in the Z direction has been
investigated for medium handsheets made on the Formette.

The runnability of

these mediums is also being investigated by W. Whitsitt under Project 3571.
The basic furnish consisted of 75% NSSC pulp, 390 CSF, and 25% unbleached
southern pine kraft, 392 CSF.
One of the advantages of sheet forming using the Formette, is that the composition of the sheet can be altered in the Z direction.

For the purposes of

this work, we have chosen to compare sheets having a uniform composition as
given above, with sheets where either the middle layer of the sheet is 100% NSSC
pulp (i.e. 75% of total) or 100% unbleached southern pine kraft (i.e. 25% of
total).

The results which are graphed in Figs. 5-7 indicate that the performance
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of the uniform sheet is comparable to the sheet where the semichemical pulp is
located in the middle layer.

However when the middle of the sheet is comprised

of the softwood kraft pulp there is a reduction in compressive strength of about
9%.
40

E 36 -

z

z 32

compressive strength and related properties.

Polymer Reinforcement
In addition to learning more about the role of lignin as an intra-fiber
reinforcing agent we are also interested in determining the effects of other
reinforcing (both intrafiber and interfiber) polymers and chemical agents on
compressive strength and related properties.
Polymeric additives which are currently under investigation include:
(1) combinations of poly(aminoamide) epichlorohydrin/polyacrylic acid,
i.e. PAE/PAA and other additives,
(2) cationic starches of varying molecular weight, and
(3) polyvinyl acetate.
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In-plane elastic modulus performance of multi-ply mediums.
0. 5 r

Out-of-plane longitudinal modulus performance
of multi-ply mediums.
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The work of R. Stratton and J. Becher to improve the moisture tolerance of
paper and board (Project 3526) has also indicated that combinations of PAE and
other anionic additives may interact synergistically to improve certain dry
strength properties.

A preliminary investigation using the remains of TAPPI

handsheets supplied by J. Becher indicated promising results as shown in Table 1.

Table 1. Property measurements on handsheets containing various PAE
combinations (J. Becher's samples).
In-Plane
Spec.
Modulus E/p
(Km/sec)2

Out-of-Plane
Spec.
Modulus E /p
(Km/sec)Z

STFI
Comp.
Strength
Nm/g

Basis
Weight
g/M2

Apparent
Density
g/cm 3

104 Control*

63.4

0.529

5.98

0.105

15.4

92 PAE 1%

67.7

0.556

6.91

0.125

17.4

4.5

102 PAA 0.1%
PAE 0.5%

65.3

0.619

8.10

0.162

21.6

5.9

95 Guar gum 1.0%
PAA 0.1%
PAE 1.0%

66.2

0.612

8.27

0.187

21.7

5.85

98 Starch 1.0%
PAA 0.1%
PAE 1.0

62.5

0.633

7.98

0.171

23.2

5.76

105 CMC 0.4%
PAE 1.0

63.5

0.595

7.91

0.180

22.6

88 PVA 1%
PAE 1%
PAA 0.1%

58.8

0.557

8.01

0.187

22.8

#

Sample

PAE poly(amino amide) epichlorohydrin
PAA polyacrylic acid
*Classified unbleached kraft pulp.

Tensile
Strength
Km
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Both the in-plane and out-of-plane elastic constants are improved by the
addition of PAE and still further gains are made by the addition of PAA, CMC,
PVA, and starch.

STFI compressive strength measurements were also made on the

samples*, and as one might expect, follow the trends indicated by the elastic
property measurements.

Furthermore the correlation between compressive strength

and elastic properties, developed by Whitsitt and Habeger (2), is shown in
Fig. 8 for these results.

Encouraged by these results we have initiated a

program to determine how the compressive strength and related properties of
linerboard and medium might be improved using this type and method of polymer
addition.

We would also like to compare the improvements made by polymer addi-

tion with those obtained by densification through wet pressing.

*Caution has to be exercised in interpreting these results because they are made
on 60 g/m2 handsheets.

Figure 8. Compressive strength correlation of polymer
containing handsheets.
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Formette handsheets were made using an unbleached southern pine kraft pulp
having a freeness of 640 CSF (note this pulp was not fractionated or screened as
was the case for J. Becher and R. Stratton's work).

Control sheets were made at

three levels of wet pressing, as were sheets containing PAE alone and PAE/PAA.
Some of the properties measured are summarized in Table 2. It is interesting to
note, that there is a significant increase in most properties with the addition
of PAE alone, and that the addition of PAA does not further increase properties
as was previously shown in Table 1. We also note that PAE alone increases
freeness and virtually eliminates turbidity in pulp settling experiments.

The

addition of PAA, while not altering strength properties, does reduce freeness.
Another surprising factor is that the effectiveness of PAE addition increases
with wet pressing.

However, upon further consideration we might expect by the

nature of this form of bonding that increased levels of wet pressing serve to
better utilize the polymer.

However when beating is used as a basis for com-

parison with polymer addition, one usually finds that the benefits of polymer
addition are not as great when freeness is reduced.
We have not yet been able to resolve the question as to why we do not
obtain a synergistic effect with the addition of PAA.

There are of course

several possibilities including shear effects, order of addition, water quality,
and obtaining the optimum levels of addition for this particular furnish.

In a

further series of experiments using the Noble and Woods Former and the Formette,
preliminary results indicate that neither shear effects or water quality is
responsible for the difference.
In student related work Paul Ruthven, an M.S. student is examining strategies for polymer placement for the improvement of compressive strength and other
paper and board properties.

His current concerns are with developing suitable

methods for intrafiber polymer reinforcement.

PAA/PAE

PAE Poly (amino amide) epichlorohydrin.
PAA polyacrylic acid.
*Control unbleached southern pine kraft 640 CSF.

40/0

40/

0.841

0.437

0.6

8.99

7.11

8.3

3.57

2.61

3.1

0.432

0.150

0.2

37.6

20.8

33.1

80.8
8.24

53.7
5.48

72.4
7.39

4.61

3.46

4.08
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PAPERMAKING PROCESS VARIABLES
Wet Pressing
We have shown in previous work the importance of densification by wet
pressing in improving the compressive strength performance of linerboard and
medium.

The felt type used in wet pressing has also been shown to have an

important influence on board properties.

In work again related to the run-

nability of medium Project 3571 we have had the opportunity to further examine
the effects of felt type on medium properties.

The results are shown in Figs. 9, 10, 11 and 12 for Formette medium
handsheets made using a furnish of 75% NSSC pulp and 25% unbleached southern
pine kraft pulp having a combined freenesses in the range of 447 to 389 CSF.
The performance of some commercial mediums are also shown for comparison.
As previously found we see that the samples wet pressed using a linerboard
wet press felt yield lower compressive strength values than those obtained when
blotter stock is used as the felt.
36

o Control - blotters
Linerboard felt
Commercial samples

E 32

APPARENT

DENSITY,

3

g/cm

Figure 9. Effect of felt type on the compressive strength of medium.
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Effect of felt type on the elastic modulus
performance of medium.

o Control - blotters

Figure 11.

Effect of felt type on the out-of-plane
longitudinal performance of medium.
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Figure 12.

Effect of felt type on the tensile
performance of medium.

SEM Studies - Linerboard Formette Handsheets
SEM's of cross sections of Formette handsheets wet pressed using blotters and wet press felts are shown in Figs. 13a, 13b, 13c, and 13d for low and
high levels of wet pressing.

At the same level of press loading there are

obvious differences in the consolidation of the sheet, while at the highest
level of press loading damage in the cross section is evident.

SEM's in the

plane of the sheet are shown in Figs. 14a, 14b, 14c, and 14d.
In student related work Tom Bither, M.S. student, is studying the effect of
wet press felts on the physical properties of paper.

This work is related to

the more general question of what constitutes the ideal consolidation process
for paper and board.
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(a) MD X130, blotter, press load 40/0 psi.

(b) MD X130, felt, press load 40/0 psi.

Figure 13.

Cross-sectional SEM's of the effect of felt type
on linerboard consolidation.
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(c) MD X130, blotter, press load 40/40 psi.

(d) MD X130, felt, press load 40/40 psi.

Figure 13 (continued).

Cross-sectional SEM's of the effect on felt
type on linerboard consolidation.
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(a) X100, blotter, press load, 40/0 psi.

(b) X100, felt, press load 40/0 psi.

Figure 14.

In-plane SEM's of the effect of felt type
on linerboard consolidation.
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(c) X100, blotter, press load, 40/40 psi.

(d) X100, felt, press load 40/40 psi.

Figure 14 (continued).

In-plane SEM's of the effect of felt type
on linerboard consolidation.
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Formation
We have previously examined formation as a means of controlling fiber
orientation and its affect on compressive strength and related properties.

Two

other important aspects of formation are forming consistency and formation
quality.

The effects of formation quality, i.e. small scale basis weight

variations on board properties has yet to receive attention.

It is generally

assumed that formation is of less importance at high basis weights.
In a related area, it is generally known that as the consistency of formation is increased, sheet properties deteriorate, and are attributed to worsening sheet formation.

However at very high forming consistencies, it has been

demonstrated that, although in-plane related properties decrease, out-of-plane
properties are improved, which results in a net improvement in compressive
strength.

We have briefly explored the effects of varying forming consistency

using the Noble and Woods and Formette sheet formers.
In our experiments a nominal sheet basis weight of 205 g/m2 (42 lbs/1000
ft2 ) was used employing a southern pine unbleached kraft pulp P-10, 468 CSF.
Handsheets formed on the Noble and Woods former and the Formette were pressed
and dried under identical conditions using the belt press-dryer system.
Forming conditions on the Formette were reasonably straightforward.

A higher

forming consistency than 2% might be possible with the Formette although the
reduced number of sweep strokes might seriously impair sheet formation and
nozzle blockage becomes a distinct possibility.

By comparison the sheets

formed on the Noble and Woods machine were rather poor at consistencies over
0.5%, a paddle and trowelling technique was adopted to obtain as even a sheet
as possible at headbox consistencies of 1.0%, 1.5% and 2.0% where the stock
height was 2.05 cm, 1.37 cm, and 1.03 cm respectively.

-181-

Project 3469

Status Report

Figure 15 shows that sheet density is reasonably constant and equal for the
two forming methods over the consistency range investigated.

It is interesting

to note that the tensile deformation behavior (Figs. 16 and 17) of the Formette
handsheets improves with increasing forming consistency while, as might be
expected, the Noble and Woods handsheets show a significant decline.

The impact

of forming consistency on compressive strength (Fig. 18) is not as dramatic.
The compressive strength of the Formette handsheets is essentially constant
while the Noble and Woods handsheets show a reduction in compressive strength of
approximatley 10% over the consistency range of 0% to 2.0% (R2 =0.385).

This

finding is consistent with the in-plane and out-of-plane ultra-sonic measurements, the results of which (in-plane specific modulus E/p and out-of-plane specific modulus Ez/p) are shown in Fig. 19.

Over the consistency range of 0% to

2.0% the in-plane specific modlus shows an increase of 10% for the Formette
handsheets and about the same percentage decrease for the Noble and Woods
handsheets.

On the other hand the out-of-plane specific modulus is essentially

constant for both sets of handsheet.

Finally, Fig. 20 shows a reasonably

"square" Noble and Woods handsheet while the level of anisotropy decreases (at a
constant jet stagnation pressure of 2 bars and a wire speed of 1050 m/min), with
increasing consistency.
In conclusion we believe that the loss in strength properties of the Noble
and Woods handsheets with increasing headbox consistency is due to poor formation as found by Svensson and Osterberg (3).

Furthermore, there was no signi-

ficant change in out-of-plane related properties to suggest a trend towards a
more felted type of structure as found by Grundstrom, K. J. and co-workers (4).
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Figure 15.

Effect of forming consistency on apparent density.

FORMING CONSISTENCY,

Figure 16.

%

Effect of forming consistency on tensile strength.
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5

4

Figure 17.

Effect of forming consistency on tensile elongation.

FORMING CONSISTENCY,

Figure 18.

%

Effect of forming consistency on compressive strength.
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o NOBLE B WOODS SHEET FORMER

Ez/p x 10

Figure 19.

Figure 20.

Effect of forming consistency on elastic moduli.

Effect of forming consistency on in-plane anisotropy.
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The Formette results are quite different and for the given forming conditions there appears to be a maximum in strength property development around
1.5%.

However if the stroke frequency could be increased this supposed maximum

might occur at a higher forming consistency.
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Develop relationships between critical board property parameters and the way
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sheet design and processing.
PROJECT OBJECTIVE:
·To develop relationships between container performance, combined board and component properties.
·To improve the performance/cost ratios of board including medium.
The short term goals are directed to (1) using structural ECT models to assess
the impact of papermaking factors on board performance and (2) improving medium
end-use performance properties.
PROJECT RATIONALE, PREVIOUS ACTIVITY and PLANNED ACTIVITY FOR FISCAL 1984-85 are
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SUMMARY OF RESULTS LAST PERIOD: (October 1983 - March 1984)
Our research is presently divided into two interacting parts. One section is
focussed on making improvements in medium properties to retain more compressive
strength during fluting and enhance end-use performance -- flat crush and ECT.
The second section is devoted to developing better relationships between combined board ECT and the elastic stiffnesses of the components. Results obtained
in this period are listed below.
Section 1
(1) At
a.
b.
c.

a given basis weight retention of compressive strength is favored by
lower Ex/Ez ratios
higher density at a given basis weight
greater radius of curvature of the fluting rolls.

(2) Densification has a favorable effect on retention because it reduces
thickness (hence lower bending strains), improves Ez at a faster rate
than Ex and improves most strength properties.
(3) Substantial increases in combined board ECT and flat crush can be
accomplished via improved wet pressing.
(4) STFI tests are a better predictor of combined board performance than ring
crush when evaluating the effects of densification.
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(5) While densification reduces porosity and water receptivity we have obtained
acceptable bonding on the corrugator for all materials studied to date.
Current work will evaluate runnability and bonding at high corrugating
speeds.
Section 2
(1) ECT predictions based on the FPL buckling model differed significantly from
experimental results in a number of comparisons wherein the liner or medium
density was changed.
(2) Some part of the FPL model prediction errors may have been caused by the
compressive load-deformation test used (Weyerhaeuser lateral support test).
This will be checked.
(3) In addition to test difficulties there is evidence to suggest that the FPL
model may not accurately handle local buckling phenomena.
(4) STFI sum models were better related to ECT changes due to dens-ification than
ring crush, particularly for the densified mediums.
(5) The simple sum models were less satisfactory for boards made with low weight
densified liners.
SUMMARY OF RESULTS THIS PERIOD:

(March 1984 - September 1984)

As in the last period our research is focussed on corrugating medium improvement
and ECT/component relationships.
Section 1 - Medium Improvement

(1) Our results continue to indicate that densification via wet pressing is an
effective way to improve forming and strength properties.
(2) Densified mediums give acceptable bonding on the corrugator at high speeds.
(3) Pressing and drying the medium using a linerboard felt contacting the sheet
as opposed to blotters gave less dense and rougher sheets which affected
some strength properties and water drop. However, both types of medium
corrugated satisfactorily.
(4) Densified mediums made with normal and low MD/CD orientation corrugated
without fracture or excessive high-lows. A very low density medium did
exhibit minor fracture, presumably because of its higher than normal caliper
and lower strength properties.
(5) The coefficient of friction of medium decreases with increasing temperature
and increases somewhat as moisture content is increased. High friction
values increase the risk of flute fracture.
(6) Non-sulfur, green liquor and recycled mediums exhibit different friction
values. The low friction coefficient for recycled fiber medium is due to
residual waxes on the sheet.
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(7) High yield sulfonated chemimechanical medium from red oak appeared to give
comparable strength to the semichemical control medium used in past work.
(8) Other work on furnish/sheet structure is in process.
Section 2 - ECT/Component Relations
(1) ECT results are well related to the elastic stiffnesses of the components
and STFI tests. The next step in simplification is to substitute elastic
stiffnesses for STFI.
(2) For boards made with densified liners and medium the predicted ECT values
generally show the same trends as the experimental values.
(3) Satisfactory ECT predictions were also obtained on commercial combined board
made from a wide range of liners and medium.
(4) The above results were obtained using an empirical modification of the FPL
local buckling model. There are indications we can achieve equally good
predictions with a major simplification that, in essence, neglects local
buckling.
(5) ECT predictions based on FPL stress-strain curves are fairly accurate but
do not always properly predict densification trends.
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PROGRAM GOAL:
Develop relationships between critical board property parameters and the way
they are achieved as a combination of raw material selection, principles of
sheet design and processing.
PROJECT OBJECTIVE:
To develop relationships between container performance, combined board and component properties.
To improve the performance/cost ratios of board including medium.
The short term goals are directed to (1) using structural ECT models to assess
the impact of papermaking factors on board performance and (2) improving medium
end-use performance properties.
PROJECT RATIONALE:
There are many aspects of box and combined board performance which have not been
adequately related to board properties through structurally sound models. Such
structural models identify the critical board properties needed for end-use performance. They can then be used to select papermaking approaches to maintain or
improve performance at less cost. An important step is to incorporate the
elastic stiffnesses of the board into such models. This allows us to use our
developing knowledge on how papermaking factors affect the elastic stiffnesses
to make board improvements.
RESULTS TO DATE:
Rayleigh-Ritz methods have been used to analyze container failure under several
types of load. Finite element techniques have been used to model the bending
behavior of container board. Analysis of present ECT vs. component local
buckling models indicates they fail to predict ECT performance when the liner or
medium density is changes. In the case of medium we have shown that the
compressive strength is damaged due to high bending and shear stresses imposed
during forming. These losses in strength lower flat crush and ECT. The losses
are inversely related to the density and Z-direction elastic stiffness of the
medium. Densification via wet pressing is one way to improve end-use performance of medium.
PLANNED ACTIVITY FOR THE PERIOD:
We plan to relate ECT strength to the in-plane and out-of-plane elastic
stiffnessess using our compressive strength model and allowing for local
buckling effects. We will use present information on how papermaking factors
affect the elastic stiffnesses to assess their impact on ECT strength.
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Additional work is underway to clarify whether medium densification will adversely affect high-speed runnability. We also plan to consider other means for
improvement including fiber finish, sheet structure and additives.
POTENTIAL FUTURE ACTIVITIES:
Application of similar techniques to end-use failures involving flexure, shear
and combined tension, flexure and shear. In the corrugating area FKBG is considering short and long-range research directed to improving high speed runnability. We are working with them and will be assessing areas where more basic
research support is needed.
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INTRODUCTION
The objectives of this program are to: (1) develop relationships between
container performance, combined board and component properties, and (2) determine ways to improve the cost/performance ratios of linerboard and medium.

To

fulfill these objectives we must consider the end-use and processing requirements.

The board components must be capable of being made into combined board

and boxes at high production speeds.

This requires consideration of medium and

liner properties, operational conditions on the corrugator and flute geometry.
At the same time our objective is to find ways to maintain or improve combined
board and box performance while maintaining runnability.
In the process area our present work is directed to making improvements in
medium properties to prevent strength losses during fluting and hence, improve
performance.

The medium loses about 40% of its MD and 20% of its CD compressive

strength potentials during fluting.

These losses occur due to the high bending

strains imposed on the medium during fluting and are aggravated by high web tensions in the forming nip.

By reducing these losses in strength we could achieve

significant savings in the manufacture of medium.
Our target goals are to increase the compressive strength of medium in both
directions while improving formability.

Such improvements will increase flat

crush and ECT.
Densification to increase fiber-to-fiber bonding is an effective way to
increase to improve formability.

It increases compressive strength and the

elastic stiffnesses which affect forming losses.
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Densification via wet pressing can affect properties which are involved in
bonding on the corrugator.

Thus, a part of our current work has been directed

to evaluating the potential effects of densification on bonding, flute fracture
and high-lows at high corrugating speeds.

In other parts of our current work we

have begun to consider the potentials for using other high-yield pulps, furnish
distribution through the sheet, and wet pressing variations.
Our current work on fluting is summarized in Section 1.
Because of the importance of compressive strength to container performance
our initial work has focussed attention on relationships between combined board
ECT and the properties of the components.

A sound understanding of this rela-

tionship will help us assess the impact of densification and other papermaking
factors in compressive strength.
Our work is being directed to establishing which ECT models are most
appropriate.

These include structural models which allow for buckling of the

liner and medium elements as well as non-buckling models.

In this connection we

know that the compressive strengths of liner and medium are well related to the
in-plane and out-of-plane elastic stiffnesses.
the elastic stiffnesses in the ECT models.

It is possible to incorporate

This would enable us to use our

developing knowledge on how papermaking factors affect the elastic stiffnesses
to assess their impact on ECT strength.

Such information will help guide

compressive strength improvements.
Our current work on ECT modeling is summarized in Section 2.

I

SECTION 1
BOARD PROPERTIES AND PERFORMANCE
Mechanics of Fluting
Project 3571
In our past and current work we have determined that higher wet pressing
improves compressive strength retention during fluting as well as most physical
characteristics of the medium.

At constant basis weight, compressive strength

retention is favored by high density and a high Ez/Ex ratio.

Higher wet

pressing densifies the medium which tends to increase Ez at a faster rate than
Ex . The higher out-of-plane stiffness Ez helps the medium resist delamination
during forming and hence, it retains more compressive strength.

Densification

also reduces caliper and lowers the bending strains during fluting.

As a result

flat crush and ECT increase due to better retention of strength and the higher
base strength of the densified mediums.

These findings are discussed in pre-

vious reports.
Fluting Performance of Densified Medium
However we need to establish whether densification of the medium will
adversely affect high speed runnability.
lows and bonding.

This includes flute fracture, high-

Because of their superior strength, densified mediums should

be better able to resist fracture.

However densification can reduce porosity

and water receptivity which would affect high speed bonding.
As an initial step oriented sheets were made at several densities achieved
by wet pressing.

Two pressing/drying techniques were employed, namely;

(1) Blotter pressed and dried.

One side of sheet in contact with

blotters, other side in contact with dryer drum.
(2)Felt pressed and dried.

One side of sheet in contact with a

linerboard press felt, other side in contact with dryer drum.
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One series of blotter dried sheets were made with typical MD/CD orientations
but varying densities.
an intermediate density.

In another series, lower MD/CD ratio sheets were made at
All sheets were made using 75% semichemical, 25%

softwood furnish.
The strength and other physical characteristics of these sheets are summarized in Tables 1 and 2. The edgewise compressive results indicate that the
blotter and felt-pressed sheets exhibit different compressive strengths at the
same density (Fig. 1).

The same trend was observed in other work in

Project 3469 (Oct. 1983 report).

The elastic stiffnesses of the sheets are

affected in a similar way by these drying techniques (see Fig. 2).

While the

felt-pressed sheets gave lower compressive strengths and stiffnesses, they
exhibited higher tensile strengths at the same density (see Fig. 3).

The

reasons for these trends are not understood although the felt-pressed sheets
have a lower apparent density and rougher surface for the same pressing conditions.

Figure 1. Effect of densification on compressive strength for
different pressing/drying conditions.
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900

Figure 2. Effect of densification on specific elastic
stiffnesses for different pressing/drying
conditions.

50

E

Figure 3. Effect of densification on tensile strength
for different pressing/drying conditions.

Table 1. Strength and stiffness results per unit weight.
Typical MD/CD
Ratio a
Med.
High
Low
Dens.
Dens.
Dens.
(182)
(186)
(185)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Basis weight, g/m2
Thickness, TAPPI, um
Thickness, IPC, pm
Density, kg/m 3 TAPPI
Density, kg/m 3 IPC
STFI, Nm/g MD
STFI, Nm/g CD
STFI, Nm/g GM
Ring Crush, Nm/g MD
Ring Crush, Nm/g CD
Ring Crush, Nm/g GM
Tensile, Nm/g MD
Tensile, Nm/g CD
Tensile, Nm/g GM
Stretch, Nm/g MD
Stretch, Nm/g CD
TEA, mJ/g MD
TEA, mJ/g CD
ET, MNm/kg MD
ET, MNm/kg CD
Concora, Nm2 /g
Ex/p, MNm/kg
Ey/p, MNm/kg
Gxy/p, MNm/kg

R
EZ/p, MNm/kg
Nuxy
Nuyx

130.8
330
277
396
472
29.7
14.2
20.6
13.6
8.87
11.0
49.2
19.7
31.1
1.18
1.51
359
205
6.70
2.60
2.31
11.3
4.64
2.36
2.43
0.184
0.192
0.465

131.7
238
170
554
774
38.6
20.0
27.8
15.6
12.0
13.7
66.7
25.6
41.3
1.38
1.49
569
267
8.17
3.40
3.41
14.6
5.97
3.44
2.44
0.384
0.166
0.406

128.4
214
148
600
866
39.3
23.2
30.2
15.4
12.3
13.8
68.2
29.4
44.8
1.35
1.40
691
266
9.20
3.92
3.19
14.7
6.86
3.92
2.15
0.462
0.198
0.426

Varying
Low
MD/CD
(189)

Ratioa
Med
MD/CD
(191)

Felt Pressedb
Low
High
Press.
Press.
(63)
(77)

Commercial Controls
6171
6209
6208

123.6
242
168
511
738
27.9
25.3
26.6
12.9
11.9
12.4
48.3
43.7
45.9
1.65
1.89
544
578
6.21
5.44
2.34
10.4
9.16
3.86
1.13
0.342
0.283
0.321

130.0
237
179
548
727
34.9
20.5
26.7
14.2
12.5
13.3
64.9
29.3
43.6
1.65
1.77
708
368
7.71
3.62
2.67
13.5
6.72
3.63
2.01
0.340
0.211
0.423

133.3
272
206
491
648
32.2
16.7
23.2
14.6
10.4
12.3
63.7
25.5
40.3
1.39
1.70
582
296
8.34
3.09
2.26
11.3
4.44
1.79
2.56
0.205
0.150
0.384

129.5
273
216
474
599
26.9
15.9
20.7
12.7
8.65
10.5
45.6
18.5
29.0
1.33
2.09
376
292
5.17
2.08
2.06
9.30
4.00
2.26
2.32
0.177
0.151
0.351

aPressed and dried with blotter on wire side; felt side against dryer drum.
bPressed and dried with liner felt on wire side; felt side against dryer drum.

131.2
249
175
526
751
33.4
17.5
24.2
13.7
11.9
12.8
70.3
28.2
44.5
1.69
1,79
795
351
8.02
3.35
2.48
11.50
4.98
2.23
2.30
0.258
0.158
0.363

122.4
254
208
482
590
24.2
15.8
19.6
11.1
8.53
9.73
43.1
19.0
28.6
1.13
1.95
294
269
5.43
2.26
1.96
9.68
4.17
2.32
2.32
0.185
0.163
0.379

127.1
278
193
457
657
31.3
17.7
23.5
14.8
9.82
12.1
57.8
21.4
35.2
1.74
2.31
642
346
5.68
2.29
2.17
11.2
4.29
2.44
2.60
0.267
0.141
0.367

Table 2. Surface and water drop characteristics.
Typical
Low
Dens.
(185)

MD/CD Ratio a
Med.
High
Dens.
Dens.
(182)
(186)

Smoothness, ML/min felt
Smoothness, ML/min wire

1407
2872

1062
2647

Porosity, ML/min

1883

238

57
52
54

388
268
328

Water drop
Water drop
Water drop

felt
wire
av.

Varying Ratioa
Med
Low
MD/CD
MD/CD
(191)
(189)

Felt Pressedb
High
Med.
Press.
Press.
(77)
(63)

Commercial Controls
6171
6209
6208

1205
2591

835
2695

715
3031

1579
2917

2384
2441

2275
2615

2570
2758

55

380

314

561

430

1086

1254

359

600+
600+
600+

348
218
283

354
355
344

552

93

565

1076
2595

73
62
68

aPressed and dried with blotters on wire side; felt side against dyer drum
bpressed and dried with liner felt on wire side; felt side against dryer drum.

82
80
81
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As wet pressing is increased the air porosity of the sheet decreases
(Fig. 4).

Commercial mediums exhibit a wide range of porosities.

For example,

the three commercial mediums used for controls in this study gave porosities
ranging from about 350 to 1300 ml/min.

Experience indicates that mediums having

quite different porosities can be successfully bonded at high corrugating
speeds.

2000
0

Figure 4. Effect of densification on porosity.
Figure 5 shows that the water drop values for the blotter-pressed sheets
increased with density as obtained in past work.
pressed sheets gave lower water drop values.
can affect the water receptivity of medium.

At the same density the felt-

Thus pressing/drying conditions
In general, the experimental sheets

had water receptivities in the same range as the commercial controls.
All of the mediums with the exception of the lowest density material
corrugated without fracture at speeds up to 650 fpm (Table 3).

The lowest den-

sity sheets exhibited minor fractures in the 400 to 650 fpm range.

This was

probably due to their relatively high caliper which increased the bending strain.

Table 3. Corrugating results.

Speed
fpm
Fractureb

Pin adhesion lb/ft

High-low,% >4 mil

% >3 mil

Typical MD/CD
Med.
Low
Dens. Dens.
(185) (186)

Ratio
High
Dens.
(182)

Varying
Low
MD/CD
(189)

Ratio
Med
MD/CD

NoF

NoF

400
550
650

S1F
S1F
S1F

NoF
NoF
NoF

NoF
NoF
NoF

400
550
650

26.2
28.1
20.1

37.0
33.1
22.8

36.5

400
550
650

1.0
0
1.0

11.4
7.8
1.0

400
550
650

6.2
3.1
4.2

20.8
15.4
4.2

(191)

Felt Presseda
Med.
High
Press. Press.
(77)
(63)
NoF
NoF
NoF

NoF
NoF
NoF

Commercial Controls
6209
6208
6171
NoF
NoF
NoF

29.4

10.4

ECT, lb/in.

Flat crush, psi

aLow and high felt pressed sheets, fabrica ted at a later time with new 42 lb liner roll.
bSlF = slight fracture; NoF = no fracture.

NoF
NoF
NoF

NoF
NoF
NoF
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Figure 5. Effect of densification on water receptivity.
Figure 6 indicates that the experimental blotter pressed mediums exhibited
high-low levels which were about the same or better than the commercial
controls.

Thus, densification does not appear to increase the proclivity to

form high-lows.
EXPERIMENTAL
EXPERIMENTAL

Figure 6.

Status Report

-202-

Project 3571

In Fig. 7 the single-face adhesion results for the densified blotter
pressed mediums are compared to the commercial controls.

In general the den-

sified sheets exhibit about the same pin adhesion strengths as the commercial
mediums at equal speeds.

In both cases the adhesion strengths decrease with

increasing speed as expected from other results in our pilot corrugator.

This

was discussed in the March 1984 status report.

Figure 7. Comparison of single-face adhesion results on commercial
and experimental densified mediums.

Figure 8 and Table 4 show that the felt pressed experimental mediums also
exhibited pin adhesion strengths which were about the same as the commercial
controls.

Those mediums were corrugated at a later time than the mediums in

Fig. 7. Higher pin adhesion strengths were achieved but this is probably due to
differences in liner or adhesive.
Briefly summarizing, these results indicate that densification of medium
can be beneficial to high speed runnability.
could be changed to optimize adhesion.

If necessary, adhesive formulations

It is also possible to adjust the water

receptivity of the medium as is commonly done today.
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50r
ROLL

0 6208

COMMERCIAL

Figure 8. Adhesion results on commercial and felt pressed mediums.

Table 4. Adhesion results on felt pressed medium.

Felt pressed
Medium pressure

(63)

46.5

39.8

31.6

46.2

41.2

35.4

6171

47.1

45.1

45.2

6208

46.9

41.2

36.2

6209

45.6

40.6

29.2

Commercial controls
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Frictional Characteristics of Medium

Is is well known that the tensions imposed on the medium in the fluting
labyrinth are very dependent on the friction between the medium and the corrugating roll teeth.

Mediums with high frictional coefficients will fracture at

lower speeds than is the case if their frictional coefficient is low.

High-lows also increase at higher speeds and usually become very pronounced
just before flute fractures are visible.

Past work at the Institute indicates

that high-lows increase as friction increases.

Paper machine formation is

another factor.
Despite its impact on high-speed runnability there is only limited information on how the frictional characteristics of medium are affected by manufacturing variables such as pulping, yield, extractives, etc.

Concurrent with our

work in high speed runnability we have begun to develop background information
on factors affecting the friction of medium.
Figure 9 shows that recycled fiber medium exhibits lower frictional coefficients than semichemical medium.

This confirms past experience and is attri-

buted to residual waxes in the sheet.

Photomicrographs and chemical analysis

indicate that rubbing medium on the steel reference surface deposits a waxy
coating which is believed to act as a slip agent.

Such coatings are usually

more pronounced in the case of recycled fiber medium.

Similar depositions can

occur on the corrugating rolls.
Figure 9 also shows that semichemical mediums exhibit high frictional coefficients which remain relatively constant up to temperatures of 150-200°F.
Substantial decreases in friction occur as the temperature is raised to 350°F.
However the degree of friction reduction with temperature appears to vary with
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Figure 9. Frictional characteristics of various types of medium.

the mill source.

Higher initial moisture contents also appear to increase fric-

tion but we need to carry this work out to higher temperatures (Fig. 10).

Figure 10.

Effects of moisture and temperature on friction.
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Figure 11 illustrates another aspect of friction behavior which is related
to the deposition of a waxy coating on the reference steel surface.
tion values often decrease with repeated passes over the surface.

The fricThis trend is

evident in the results for the non-sulfur medium and the wire side results for
the recycled medium.

The erratic behavior of the felt side recycled results is

attributed to sticky spots in the medium which were not removed by the cleaning
system.
NON-SULFUR (6168)

RECYCLED (6145)

INITIAL MOISTURE
ABOUT 7 %

Figure 11.

Friction test values often decrease with
of deposition of a slippery waxy coating

Past work has shown that small amounts of waxy coatings applied to the
medium greatly reduce friction and enhance runnability.
(5-10 lb per million square feet) are sufficient.

Even small amounts

This illustrates that the

chemical nature of the medium surface has a great effect on friction and hence,
high speed runnability.

We need to develop more basic information on how

furnish, pulping and other manufacturing factors affect this property of medium.
Work in this area will be planned for the immediate future.
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Furnish Variations
As discussed previously our research indicates that compressive strength
retention during fluting and end-use medium properties are favored by increased
density achieved by wet pressing.

With that work as background we are in the

process of investigating the potentials of furnish changes in conjunction with
densification.

Presently we are pursuing two approaches.

In one approach different ways

of distributing the long softwood and short semichemical hardwood fibers through
the sheet are being considered.

For our initial trials we are making three-ply

oriented sheets with varying ply composition.

In one series the softwood kraft

component has been placed in the outside plies; in the other series the softwood
kraft component is in the inside ply.
furnish blend.

These are being compared to the usual

The strength tests and corrugating trials will provide a way to

assess whether there will be any marked advantages to furnish segregation.

The second approach stems from research on Project 3469 which indicated
that high yield sulfonated chemi-mechanical softwood pulps have good compressive
strength potentials.

There were reasons to believe the same process could be

used for corrugating medium.

Therefore limited trials have been carried out to

prepare and corrugate oriented sheets made from a 85% yield sulfonated chemimechanical red oak pulp (SCMP).
blended with 25% softwood kraft.

The SCMP pulp was refined to about 380 CSF and
Control sheets were made using the northern

semichemical pulp (with 25% softwood kraft) used in all our past work.

Thus,

there is a fiber specie difference between the control and red oak pulp as well
as pulping.

Figure 12 and Table 5 indicate that the strength characteristics of the
two furnishes were about equal at the same density.

For the same pressing
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conditions, however, the red oak pulp gave slightly lower densities.

The in-

plane and out-of-plane elastic stiffnesses were also about the same for the two
furnishes (Fig. 13).

Figure 12.

Figure 13.

Compressive and tensile characteristics of semichemical and
high-yield sulfonated chemi-mechanical red oak medium.

Elastic stiffnesses of semichemical and sulfonated chemi-mechanical
red oak medium.
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Table 5. Test results for semichemical and high-yield red oak mediums.

Basis weight, g/m2
Density, IPC, kg/m 3
Geometric mean index, Nm/g
STFI
Ring Crush
Tensile

75% s.c., 25% s.k.
Med.
Low
High
Press.
Press.
Press.

75% SCMP Oak, 25% s.k.
Low
Med.
High
Press.
Press.
Press.

132.1
507

128.3
783

132.2
895

133.9
437

133.8
162

24.2
11.9
38.3

30.5
12.3
50.8

33.8
13.3
55.2

22.3
11.5
36.3

28.8
12.0
48.9

133.1
800
32.0
13.0
51.4

Specific Ssiffness, MNm/kg

6.59
2.30
0.186

8.10
2.07
0.306

8.91
1.93
0.371

5.89
2.88
0.187

7.25
2.40
0.252

7.71
2.12
0.310

Smoothness, ml/min F
W

2740
1384

2713
842

2824
480

2761
1311

2287
1420

2774
1379

Porosity, ml/min

1951

277

136

1844

395

197

54

182

593

Water drop, sec

33

260

92

ECT, lb/in.

35.9

43.0

46.7

33.6

39.3

41.2

Flat crush, psi

35.7

51.5

51.6

34.0

47.6

52.4

Pin adhesion, lb/ft

34.0

35.2

35.2

31.5

35.1

33.8

The ECT results in Fig. 14 indicate that the sulfonated red oak mediums
exhibit about the same strengths as the semichemcial furnish at the same medium
density.

The flat crush results are also about equal (Table 5).

Based on these results, it appears that the sulfonated chemi-mechanical
pulp could provide another way to produce pulp for medium.

From these limited

trials it appears to provide comparable strengths although optimization of the
treatment conditions and processing would be necessary.

Project 3571
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ECT results for sulfonated chemi-mechanical red oak medium.

FUTURE
Currently the Fourdrinier Kraft Board Group of API is considering short and
long range research needs in the corrugating area.

Their basic objective is to

develop the information needed to promote high speed runnability.
is taken to mean those factors which limit corrugating speeds.

Runnability

This includes

single and double-face bonding, flute fracture, high-lows and end-use strength
retention.
We are in the process of reviewing our Institutional work to coordinate
with their efforts and provide basic fluting research support where needed.
Concurrently we will be evaluating the potentials of sheet structure-furnish
modifications for the work in process and proceeding with determination of
important runnability characteristics such as friction coefficient variables.

SECTION 2
BOARD PROPERTIES AND PERFORMANCE
ECT/Component Relationships
Project 3571
It has been found in earlier studies that a dominant factor in determining
the performance of combined board in box constructions is the board's ECT or
short column strength.

The goal of this project is to find a model which

will adequately predict ECT given certain information about the individual
components.

In particular we are investigating models into which we can incorThis would enable us to use our developing

porate the elastic stiffnesses.

knowledge on how papermaking factors affect the elastic stiffnesses to assess
their impact on ECT strength.

With this goal in mind, we have concentrated our

attention for the past several months on the Forest Products Laboratory (FPL)
model as well as other approaches.

Accordingly we have been examining the ade-

quacies of the FPL model's predictions under a variety of conditions when the
required parameters for the model are based on information other than the full
stress-strain curves as the model's authors had originally intended.
The FPL Model
The FPL model was developed in the late 1970's by M. W. Johnson, Jr., T. J.
Urbanik and W. E. Denniston (1).

It consists of a theoretical structural analy-

sis of combined board and a computer algorithm for doing numerical computations.
The model predicts compressive strength values for balanced single wall combined
board based upon information about the flute geometry and the individual components.

The current model assumes that the components are isotropic and that

their stress-strain curves are of a hyperbolic tangent form.

The FPL model uses

the input data for the flute geometry and the component characteristics,
including thickness and the stress-strain curve parameters, to determine (1) the
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strain at which failure of the combined board occurs, (2) which of two possible
modes of failure, local buckling or compressive failure, initiates the combined
board failure and (3) in which of the two components, liner or medium, the
The FPL model's predictions for ECT are sensitive to the

failure is initiated.

individual component stress-strain curves.

These stress-strain curves,

in turn,

are dependent upon the particular type of compression test apparatus with which
they are obtained.

In the final section of this report a comparison is made

between the FPL model's predictions based on two different compression devices,
the Weyerhaeuser lateral support compression device (WLS) and the Forest
Products Laboratory's vacuum uniaxial compression tester (FVU).
FPL Model Using STFI Data
At present a formidable obstacle to using the FPL model is the necessity to
obtain compression stress-strain curves for required model input parameters.
Older techniques for obtaining these curves are time consuming both to perform
and to analyze.

While the new FPL vacuum uniaxial compression tester promises

to be easier and quicker to use and give more accurate results than the older
methods (2), it is not generally available to the industry.

Therefore, we are

exploring methods for using the FPL model without necessitating the acquisition
of component stress-strain curves.

The FPL model assumes that the stress-strain

curves are of the form

C1 is an asymptotic stress value toward which the stress approaches as the
strain E increases.
modulus.

C2 is the initial slope of the curve, i.e. the elastic

The third parameter required to describe the curve is a maximum stress

SMX which is always less than the asymptotic value C1.

When the FPL vacuum

uniaxial compression tester (FVU) is used, SMX is essentially the maximum
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observed stress and a value for C1 is computed by fitting the experimental data
to a hyperbolic tangent curve.

One method for determining values for C1 and SMX

from STFI data rather than from curves such as those obtained by the FVU tester
has been worked out as follows.

Taking the FVU data on 15 liner and medium

samples, we made a least squares fit to obtain values for A1 and A2 when we
assumed that
C1

= Al

SMX = A2

STFI
.

STFI

We then used these coefficients, Al = 0.96 and A2 = 0.78, and the measured
STFI values to generate the Cl's and SMX's for the FPL model.
elastic modulus was substituted for the parameter C2.

The ultrasonic

Figure 15 shows the FPL

model's predictions versus the observed ECT for 23 combined boards using this
approach.

These boards were made primarily from various combinations of den-

sified liners and mediums as described in the last PAC report.

In order to eva-

luate the fit between observed and predicted ECT results we define the
prediction error as

prediction
prediction error

= (Predicted
- Experimental) · 100
error
Experimental

For the data shown in Fig. 1 the average prediction error was -2.9%.
average absolute prediction error for the 23 boards was 6.6 %.

The

Better than 85%

of the boards (20 out of 23) had absolute prediction errors of less than 10%.
These results are encouraging and suggest that the FPL model can be used without
requiring full stress-strain curve information.

In general this approach

correctly predicted the increases in ECT which result from increased densification.
During the past several months fabrication and testing were completed on
a second set of combined boards.

The second set of boards were made with
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FPL model predictions using STFI method for board with
experimental and commercial components.

commercially produced components from various mills.

The liners and mediums

were evaluated for CD STFI and the ultrasonically determined elastic stiffnesses.

Compressive stress-strain curves have not been obtained as yet.

Therefore we examined the FPL model's predictions using the STFI method
described for the first set of boards.

The parameter C1 was assigned the value

0.96 . STFI and SMX was assigned the value 0.78 . STFI.

These were the values

that had been determined by the regression analysis performed on the components
for the first set of boards where FPL vacuum uniaxial stress-strain information
was available.
C2.

The ultrasonic elastic moduli were again used for the parameter

Figure 16 shows a graphical representation of predicted vs. observed values

for this group.

The average prediction error for the 85 boards was -2.5% with

an average absolute prediction error of 5.3%.

Better than 85% of the boards, 73

out of 85, had absolute prediction errors of less than 10%.

These results indi-

cate that the FPL model can be used without requiring full stress-strain curve
information.
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FPL model predictions using STFI method for boards with
commercial components.

Predictions Based on FPL and Weyerhaeuser Stress-Strain Tests
As was pointed out the FPL model's predictions are sensitive to the stressstrain parameters for the individual components and these are in turn are
dependent upon the type of testing device.

Over the past several months FPL

graciously assisted us by obtaining stress-strain information using their vacuum
uniaxial compression tester (FVU) on 15 of the components which were used in
making boards in the first set described earlier.

This was the same FPL vacuum

uniaxial compression (FVU) information that was used in the previously mentioned
STFI regression fit.

With Weyerhaeuser lateral support (WLS) stress-strain cur-

ves already on hand for these same 15 components we were able to examine the
influence of the two methods of testing upon the FPL model predictions.

We will

denote the FPL model predictions based on the FPL curves by FVU-FPL and the FPL
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FPL model predictions based on FVU data and WLS data.

model predictions based on the Weyerhaeuser lateral support curves by WLS-FPL.
An illustration of the influence of testing method is shown in Fig. 17 for 6 of
the 19 combined boards available for this purpose.

The three boards in the

lower left of the figure were made with increasing density liners and the 3
boards in the upper right were made with increasing density mediums.

The

WLS-FPL predictions showed a decline in ECT with increasing density whereas the
observed values showed an increase in ECT.
increase in ECT followed by a decrease.

The FVU-FPL predictions showed an

In order to compare the two sets of

predictions for the 19 boards the average prediction error and the average absolute prediction error are tabulated below.
Ave prediction
error
WLS-FPL

-7.8

FVU-FPL

4.4

Ave absolute
prediction error
11.5

7.9
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The FVU-FPL predictions fit the observed ECT values better overall than the
WLS-FPL predictions.

However, as shown in Fig. 17, the FVU-FPL predictions do

not follow the experimental densification trends as well as one would like, i.e.
increasing ECT with increasing density.
It was pointed out at the last meeting that the WLS-FPL predictions would
have been improved if the FPL model had not allowed local buckling.

In the case

of FVU-FPL predictions, the local buckling phenomena improves the overall fit.
These results indicate that the question of whether the FPL model is handling
local buckling appropriately or not is dependent upon the device used to obtain
the stress-strain parameters.
Further Examinations of Stress-Strain Parameter Estimates
A second approach for obtaining values for the three stress-strain parameters besides using the STFI as discussed above is to rely solely on the ultrasonic
information.

Efforts are now under way to explore this second approach.

The

local buckling question will continued to be examined as alternative methods
of obtaining the hyperbolic tangent parameters are investigated.
As discussed in the last meeting we are considering alternative ways of
relating ECT to elastic stiffness and other properties of the components.

These

may provide simpler and equally accurate predictions.
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