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NOTICE & DISCLAIMER

The Institute of Paper Chemistry (IPC) has provided a high standard of professional service and has exerted its best efforts
within the time and funds available for this project. The information and conclusions are advisory and are intended only for
the internal use by any company who may receive this report. Each company must decide for itself the best approach to solv-
ing any problems it may have and how, or whether, this reported information should be considered in its approach.

IPC does not recommend particular products, procedures, materials, or services. These are included only in the interest of
completeness within a laboratory context and budgetary constraint. Actual products, procedures, materials, and services used
may differ and are peculiar to the operations of each company.

In no event shall IPC or its employees and agents have any obligation or liability for damages, including, but not limited to,
consequential damages, arising out of or in connection with any company's use of, or inability to use, the reported informa-
tion. IPC provides no warranty or guaranty of results.

-I



I I---___ ___

THE INSTITUTE OF PAPER CHEMISTRY

Appleton, Wisconsin

RELATIONSHIPS BETWEEN ELASTIC PROPERTIES AND END-USE PERFORMANCE

Project 2695-23

by

William J. Whitsitt

Report One

to

FOURDRINIER KRAFT BOARD GROUP

OF THE

AMERICAN PAPER INSTITUTE

Information contained herein is furnished for your
internal use only and is not to be disseminated or

disclosed outside your company nor copied or
otherwise reproduced without the express written
permission of The Institute of Paper Chemistry

January 30, 1985

J



TABLE OF CONTENTS

Page

SUMMARY 1

INTRODUCTION 3

BACKGROUND - ELASTIC STIFFNESSES 4

RESULTS 8

Baseline Results - Strength Tests 8

Baseline Results - Elastic Stiffnesses 13

STFI Compression/Ring Crush Relationship 16

STFI Compressive Strength vs. Elastic Stiffnesses 19

Ring Crush vs. Elastic Stiffnesses 28

Bursting Strength 33

Combined Board ECT 34

Concora and Combined Board Flat Crush 38

LITERATURE CITED 44

APPENDIX I - TEST RESULTS 45

APPENDIX II - TEST PROCEDURES 63



THE INSTITUTE OF PAPER CHEMISTRY

Appleton, Wisconsin

RELATIONSHIPS BETWEEN ELASTIC PROPERTIES AND END-USE PERFORMANCE

SUMMARY

The objective of this study was (1) to develop baseline test data on

the ultrasonically determined elastic properties of linerboard and medium and

(2) to relate the elastic properties to the strength properties of the com-

ponents and combined board made therefrom. For this purpose we tested about 100

liner and medium samples from FKBG member mills. Many of these were also made

into combined board and tested for ECT and flat crush.

Our results show

1. ECT is well related to STFI tests on the components

as well as to ring crush. It is equally well

related to the elastic stiffnesses. This supports

use of the ultrasonically determined elastic proper-

ties in testing and on-machine control.

2. The following equation relates ECT and the CD STFI

compressive strengths of the components: ECT = 0.685

(2S1 + DSm) + 4.62 where Sl and Sm are CD STFI

compressive strengths of the liners and medium,

respectively. D is the draw or take-up factor.

3. STFI and ring crush results are highly correlated

with the elastic stiffnesses but in somewhat dif-

ferent ways. Because of the ring geometry, the

ring crush results indicate that the stiffnesses in

the MD, CD and ZD directions must be considered
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along with density. STFI results depend on the

elastic stiffness in the direction of load and the

out-of-plane stiffness.

4. Bursting strength is fairly well related to the in-

plane shear stiffness or geometric mean stiffness

as expected from theory. However the burst correl-

ations with elastic stiffnesses were lower than the

relations between compressive strength and stiffnesses.

5. The combined board flat crush strengths of the

heavier weight mediums were often low per unit

weight of medium fiber. Corrugating pressure pat-

terns show that most of the corrugating roll

pressure is imposed on the sidewalls in the case of

thick, high weight medium rather than on the tips

in the case of 9-pt. medium. As a result, the

fluted flanks suffer more caliper loss and fiber-

to-fiber bonding damage. This lowers the ultimate

flat crush strength of the flute. This suggests

that changes in flute contour or increased densifi-

cation (e.g., by wet pressing) are two approaches

to minimize the strength losses.

-2- Report One
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INTRODUCTION

The objective of this program was to develop baseline test.data on the

ultrasonically determined elastic properties of linerboard and medium and to

relate the elastic property results to the strength properties of the components

and combined board. We evaluated the elastic, compressive strength and other

properties of about 50 linerboard and 50 medium sample lots from FKBG member

mills. The properties tested included six elastic stiffnesses, ring crush, STFI

and Taber stiffness on all sample lots. In addition, at the request of the

Technical Committee, we made Mullen tests on the linerboard and Concora tests on

the medium.

In order to determine relationships between the elastic stiffnesses of

the components and combined board quality we fabricated single-faced boards from

the various sample lots. For this purpose sheets of the mediums were combined

with a "standard" 42-lb liner on the Institute's pilot corrugator. In a similar

way the various linerboards were combined with a standard 26-lb medium. The

medium fabrication was carried out at speeds of 200, 400, and 600 fpm; the liner

fabrication at 400 fpm. The boards were inspected for fabrication quality, and

the 400 fpm samples were selected for tests. The single-faced boards were

tested to determine their flat crush load-deformation curve characteristics.

ECT tests were carried out on manually double-backed samples.

In our analyses we have developed relationships between the strength

tests and the elastic stiffnesses. These results are summarized herein.

-3- .'Report One
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BACKGROUND - ELASTIC STIFFNESSES

Paperboard is characterized by nine independent elastic constants.

There are three Young's moduli, three shear moduli, and three Poisson ratios

(see Fig. 1).

Z (Z) 

MD(X) CD (y

ELASTIC PROPERTIES

- Young's Moduli: Ex, Ey, Ez
- Shear Moduli : Gxy, Gx, Gy r
- Poison Ratios: xy, Lxz, -yz,...

IN-PLANE MODULI

Ex, Ey, Gxy
OUT-OF-PLANE MODULI

Gxz, Gyz, Ez

Figure 1. Orthotropic axes and elastic properties.

In the ultrasonic tests a velocity (V) of the appropriate wave type

and direction is measured. In general, the specific stiffnesses are propor-

tional to V2 . The specific stiffness is equal to a modulus (E) per unit density

(p) or may be regarded as stiffness (Et) per unit of basis weight. The specific

stiffnesses can be transformed to stiffnesses (Et or Gt) or moduli (E or G) by

multiplying V2 by either basis weight or density, respectively. 

The appropriate form must be selected when relating the elastic con- 

stants to strength properties. For example, compressive strength in force/width

should be related to the stiffnesses (Et) and compressive strength per unit

-4- 'Report One
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weight (index) to the specific stiffnesses (E/p). This is essential for physi-

cal and dimensional consistency.

Empirical relationships between the shear and Young's module are often

useful in working with the elastic properties. Such relationships are analogous

to the known relationship between E and G for isotropic materials. For paper

and paperboard these take the forms (1):

Gxyt = kl[(Ext)(Eyt)]l/2

Gxzt = k2[(Ext)(Ezt)]l/ 2

Gyzt = k3[(Eyt)(Ezt)]l/2

(1)

(2)

(3)

where kl, k2, k3 = constants

Figures 2-4 show that these relationships hold quite well for liner-

board over the range of grade weights. Similar results were obtained for medium,

although there is more scatter in the out-of-plane relations for Gxzt and Gyzt.

1000

750

E
z
-= 500

X
o

250-

0

oo 0/LINERBOARD 0/000
o0

8

o 00
080

0o.9

/ 0.99

5oU 1000 1500 2000 2500 30C

V(Ex) (Eyl), kN/m

Figure 2. Gxyt is well related to the geometric mean
in-plane stiffnesses.
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100 

LINERBOARD 

75-

E 

z O 
50 0 0 

0 00% a
N ~~~~~~~~~~80

25 - ~&0O 84
%O0 

O 100 200 300 400

V(E x t) (E z t), kN/m.

Figure 3. MD out-of-plane shear vs. Young's stiffnesses.

75-

LINE RBQA RD

E oo~~~ ~~~~~~~~~~ 0 06

E 0 0

0

00 o000

~25 - 00

0 0 l200 300

V(~Eyl)(E~zl), kN/m

Figure 4. CD out-of-plane vs. Young's stlffnesses.
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In the on-machine measurements of the in-plane properties we make use

of an empirical relationship between Gxyt and the geometric mean [(Ext)(Eyt)]l/2.

For the results in Fig. 2 a strong relationship between the in-plane properties

is evident. Thus, these results help justify the use of this relationship in on-

machine applications. The following equation is obtained

Gxyt = - 0.38 + 0.367 / (Ext)(Eyt)

By making use of such relations we can relate compressive strength to

two stiffnesses rather than three as is discussed in Ref. (2).
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RESULTS

BASELINE RESULTS - STRENGTH TESTS

Table 1 summarizes the linerboard and medium results by grade weight.

In this table the results are expressed in the customary trade units for the

particular test. For other purposes we have also summarized the results in

TAPPI - ISO units, converting the compressive strength results to strength per

unit weight - ISO Index (See Table 2). Detailed tables showing the results

for each sample lot are appended.

Figure 5 shows that the average linerboard CD ring crush results

ranged from 43.6 for 26-lb liner to 129.7 for 69-lb liner. In each grade weight

there were wide variations in strength between sample lots, with coefficients of

variation ranging from about 10 to 12%. The maximum and minimum values shown in

Fig. 5 reflect this variation, e.g., for 42-lb liners the CD ring crush values

ranged from about 68 to 100 Ib, a range of about 40%, Such variations in liner

strength will cause appreciable differences in combined board ECT strength.

For medium, Fig. 5 shows that the average CD ring crush values in-

creased from 39.1 on 26-lb mediums to 57.0 for 40 to 42-lb mediums. Wide varia-

tions in ring crush occurred between lots as shown by the maximum and minimum

values for each grade. The coefficients of variation for medium were about the

same or smaller than on comparable linerboard grade weights.

The CD ring crush indexes (strength/unit weight in ISO units)* for 33-

to 69-lb linerboards are about 11+ Nm/g (Table 2), but the index for the 26-lb

liners was about 13+% lower. The lower strength index for the 26-lb linerboard

*lb/inch x 175.13 = N/m.
N/m divided by basis weight in g/m2 = Index in Nm/g.

-8- Report One
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is a result of the buckling mode of failure characteristic of-ring crush tests

on lightweight linerhoards. The corrugating medium ring crush results show a

similar trend. Inspection of the CD STFI index results in Table 2 shows that

essentially the same indexes (strength per unit weight) are achieved over this

basis weight range in the case of both linerboard and medium. Thus the STFI

test is a better measure of compressive strength on light weight sheets-than

ring crush.

150 Max, 150-

Linerboard Medium
bec L~~~ ~ Av

100 - /M 100 
Min Max

i . ./ .. / AvV) Av

a:"~~~~~~ / I · / R- ./ J -~ Min

^ 50 50 '

0 O
30 40 50 60 70 30 40 50

BASIS WEIGHT, Ib/1000ft2

Figure 5. Average CD ring crush results.

Figure 6 shows that the average CD STFI medium and linerboard results

increase linearly with increasing basis weight (to be expected because strength/

unit weight was about constant). The STFI variations between sample lots were

generally somewhat lower than obtained with the ring crush tests, particularly

on the lighter weight grades.

The MD/CD STFI ratios are greater than obtained with ring crush on

both linerboard and medium (Fig. 7). This indicates the tests are affected dif-

ferently by such papermaking factors as fiber orientation and wet strain. Thus,
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the mechanisms of failure must differ to some extent. :We speculate such differ -

ences could arise due to the circular configuration and-buckling modes of fail-

ure in the ring crush test. As one consequence of the directional differences

the relationships between STFI and ring crush'will differ for the MD and CD

directions as discussed in later pages.

Linerboord

50

40
Moax 

Medium

'30

- - - *^-- - -_M_ 20-

50 60 70 20

BASIS WEIGHT, Ib/IOOOft 2

_ Mox

_ - D Av

-- - - Min
i i i I I I,.

r 

30 40 50

Figure 6. Average CD STFI results.
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? .
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40
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LL.

2 20
0
u U

10

A I I I

30 40

2.0

0

I-

1.5

In

26 33 42 69 26 40-42
, .33-36

Figure 7. MD/CD compressive strength ratios.
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Table 4. Summary of stiffness results per unit weight. (Modulus Per Unit
Density p.)

Nom. Grade
Weight, No. of .Specific Stiffness, MNm/kg

lb/1000 ft2 Lots Ex/p Ey/p Gxy/p Ez/p Ra

LINERBOARD

26 5 Av. 12.65 4.17 2.74 0.099 3.16
CV 8.1 21.1 9.5 31.4 25.1

33 15 Av. 12.25 4.45 2.70 0.087 2.85
CV 13.6 22.5 15.2 24.1 18.8

42 20 Av. 13.12 4.50 2.77 0.078 3.00
CV 10.0 14.9 5.0 34.7 21.1

69 16 Av. 11.26 4.47 2.61 0.069 2.69
CV ,9.9 18.6 9.3 21.3 38.2

MEDIUM

26 26 Av. 10.0 3.87 2.28 0.152 2.64
CV 16.2 16.4 11.4 12.6 22.7

33-36 13 Av. 9.45 4.10 2.29 0.176 2.35
CV 15.1 15.5 12.6 16.7 18.1

40-42 9 Av. 9.81 4.28 2.35 0.164 2.32
CV 16.1 13.0 8.8 14.6 19.2

52 1 Av. 11.26 4.85 2.67 0.162 2.32

aR = (Ex/p)/(Ey/P).
Note: CV = coefficient of variation (percent standard deviation).

Figures 8 and 9 show that the elastic stiffnesses increase with grade

weight of linerboard and medium in the expected way. In general, for comparable

basis weights corrugating medium has lower in-plane elastic stiffnesses but a

higher out-of-plane Young's stiffness (Ezt). In Fig. 10 the cross direction in-

plane specific stiffness of medium is nearly equal to that of linerboard, but

medium exhibits much higher out-of-plane specific stiffnesses. The latter

should be helpful in the fluting process because it favors compressive strength

retention.

-14- Report One
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Figure 10. Average specific stiffnesses for
of linerboard and medium.

various grade weights

STFI COMPRESSION/RING CRUSH RELATIONSHIP

Cross direction relationships between STFI and ring crush are shown in

Fig. 11-13. Relations are shown for lighter weight liners (Fig. 11), heavier

weight liners (Fig. 12), and medium (Fig. 13). Good relationships were obtained

for these grade weight ranges. Within separate grade weights the correlations

were lower but reasonable as shown in Table 5.

Ring crush is a more complex test than STFI due to its cylindrical

geometry. There are also differences in mode of failure. As discussed in later

pages the two tests are related to the elastic stiffnesses and other parameters

in somewhat different ways. This indicates the above relationships will not
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Figure 11. CD STFI vs. CD ring crush for lighter weight liners.
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Figure 12. CD STFI. vs. CD ring crush for heavier weight liners.

221

201

I.-

U,

181

161

141

12

I0

luu

40r

351-

301-

-o

U-

LA,

a
LI

251-

201

15FI

50 200

. . . .

2417



Project 2695-23

hold under all papermaking conditions. For example, densification by wet press-

ing Is known to affect the two tests differently as discussed below.

24r

221

20p

18-

16

14

12

10

Figure 13.

STFI - 0.183 RC + 5.20
r = 0.96

A

a

a a
X . A

x. ./ A

/X

ok
7o

OD0 .CBO
°

.0

/o

/ 00

o 26 lb medium
x 33 lb
& 401b

0

25 50 75 100
CD RING CRUSH, ib/6in

CD STFI vs. CD ring crush for corrugating medium.

Table 5. Within grade STFI vs. ring crush correlations.a

Grade Slope, Intercept,
Weight a b

26-lb liners 0.162 5.22

33-lb liners 0.158 5.37 ;

42-lb liners 0.206 2.45

69-lb liners 0.226 1.43

aCD STFI = a ring crush + b
STFI, 'b/inch; ring crush, lb/6inch.

C

-o

0
tV)

Corr.
Coeff.

0.84

0.85

0.94

0.86
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In research carried out at the Institute we wet pressed experimental

mediums made on the Formette former to varying degrees. The mediums were then

fabricated into combined board on the Institute's pilot corrugator. Figures 14

and 15 show that increasing the medium density increased MD and CD STFI compres-

sive strength. However, the ring crush results passed through a maximum at

about 750-800 kg/m 3 (density based on IPC compressible platen thickness gage).

The ECT and flat crush strengths achieved with these mediums increased over the

entire density range in the same way as the STFI compressive strength results

(see Fig. 16 and 17). Thus the STFI results were more indicative of the fluted

performance of the medium than ring crush. This occurs because ring crush is

unduly influenced by the thickness changes accompanying densification via wet

pressing. These results indicate that care must be used in selecting an

appropriate compressive strength test when evaluating the potential effects of

papermaking changes.

STFI COMPRESSIVE STRENGTH vs. ELASTIC STIFFNESSES

Recent research at the Institute indicates that compressive strength

(ECS) is well related to the elastic properties (2). The relationship between

compressive strength (ECS) and the elastic stiffnesses can take several forms

which are believed to be equivalent at this time. The forms are

MD ECS - (Ext)3/4(Ezt)1/4 (4)

« (Ext)1/2(Gxzt)1/2 (5)

(Ext)2/3(Ezt)/6(Gxzt)1/6 (6)

CD c (Eyt)3/4(Ezt)1/4 (7)

(Eyt)/ 2(Gyzt)1/2 (8)

o (Eyt)2/3 (Ezt)l/6(Gyzt)l/6 (9)

-19-, Report One
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Thus compressive strength is favored by high in-plane and out-of-plane stiff-

nesses. In our work on this project we have favored Eq. (4) and (7) in asmuch

as the alternate forms gave no better correlations. The product of these moduli

is referred to as the elastic stiffness or model function in the following

discussion.

Figure 18 illustrates the general relationships between STFI results

and the elastic stiffnesses from Eq. (4) and (7) in relation to grade weight

averages. Inspection of Fig. 18 indicates the elastic stiffness function is

linearly related to STFI. There is a small difference between the MD and CD

results which we have taken into account in our analyses. The reasons for this

are not clear at this time.

54
0

48 -

42 -

c 
36- 0

2 30 - 0

24 - O/ 
0

-18 - /
/

12 , MD CD

0 0 LINER
* I MEDIUM

6

-0 I 360 660 9tl0 -1200 1500

Ext 75 Eyt° 25 & Eyt" 7 Ezt 0'2 . kN/m

Figure 18. Relationship of CD STFI to elastic stiffness
grade averages.
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Relationships between STFI compression and elastic stiffnesses are

summarized in Table 6 and 7 for the MD and CD directions, respectively. The

individual grade weight correlations ranged from about 0.7 to 0.85 and the

corresponding average prediction errors ranged from about 3.5 to 5.5%. Over all

liner grades the correlation was 0.96 and for the medium, 0.95. The average

overall prediction errors were about 6% for linerboard and 5% for the mediums.

Figures 19 and 20 illustrate the CD overall grade relations for the liner

and medium, respectively. Figure 21 shows the within-grade relations for the

42-lb liners and 26-lb mediums.

Correlation coefficient magnitudes can be greatly affected by the

range of values and test variability. Thus within-grade correlation coefficients

are usually lower than obtained over a range of grade weights. One of the

reasons is that material and test variability are a limiting factor as the range

of values in the correlation is lowered. In the extreme, if there are no sta-

tistically significant variations in y and x, the correlation coefficient will

usually be low and will approach zero. Even if there is a sound relationship

between the two variables it can be obscured by test variability.

To provide information on what predictive accuracy could be expected

we analyzed the variability of the elastic stiffnesses and the STFI test. Then,

the odds of obtaining various levels of prediction accuracy from the regression

equations were estimated. From this analysis we estimated that average predic-

tion errors as large as 5-6% could be expected. Such estimated prediction errors

are reasonably close to the values shown in Tables 6 and 7 for the experimental

regressions. Thus the prediction accuracies of the experimental relationships

seem to be approaching the inherent variability of the tests involved.

-23- Report One
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Inspection of the elastic stiffness relations in Tables 6 and 7 suggests

there may be systematic changes in the regression coefficients as grade weight

changes. It may also occur in the specific stiffness relations though it is

less evident. At this time we can only speculate in the causes. As one possi-

bility there is some evidence that the STFI mode of failure changes from light

to heavy weight materials. If so, this would complicate its relation to the

elastic properties. The proposed instrumentation study of the STFI tester will

provide an opportunity to investigate the failure mechanism in more detail. As

another possibility the shear/Young's moduli relations used in the compressive

strength model may be somewhat sensitive to basis weight. Such shift could make

the experimental regression coefficients change with basis weight. It appears

that further study is desirable to establish the cause for the behavior.

For the present we believe the overall grade relations in Tables 6

and 7 should be sufficient for most purposes.

RING CRUSH vs. ELASTIC STIFFNESSES

The ring crush test is inherently a more complex test than the STFI.

Because of the fixed ring size and height there are differences in mode of fail-

ure from thin to thick materials. Also, the buckling and failure of cylindrical

orthotropic structures is known to be sensitive to imperfections in geometry and

presumably material (3). As one example, we know the free vertical ends weaken

the test structure.

The buckling strength of a long orthotropic cylinder is dependent in

the axial stiffness (Et) in the direction of load, thickness, radius, and buckl-

ing coefficient (4). The latter is dependent on the ratio of axial to circum-

ferential stiffness and another factor involving thickness, radius and also the
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ratio of axial to circumferential stiffness. In cylinders of sandwich construc-

tion the buckling coefficient is complexly dependent on geometry, elastic in-plane

properties and the out-of-plane properties, particularly the shear stiffness of

the core, (5,6). Based on these considerations it would be expected that ring

crush will be dependent on the following: in-plane elastic stiffness in axial

and circumferential directions, the out-of-plane stiffnesses such as Ezt, Gxzt

and Gyzt, and the thickness or density of the sheet. Ring crush is known to

pass through a maximum when density increases as discussed earlier.

For reasons such as these the ring crush grade averages in Fig. 22

show large differences between MD and CD direction when plotted against the

compressive model function. There also appear to be some differences between

liner and medium behavior.

After extensive analysis of alternates we related ring crush to linear

combinations of the axial and circumferential stiffnesses. These were defined

as follows:

Axial Circumferential

MD: Ext0 75 Et 5E t 2 5 Eyt0 7 5 Et0.25

CD: Eyt0 .7 5 EztO.25 Ext0 -75 Ezt 0.2 5

To provide more stable estimates of the importance of the two directions we

analyzed the MD and CD direction data together. Figure 23 Illustrates that con-

sideration of both axial and circumferential stiffnesses essentially removes the

MD and CD differences evident in Fig. 22.

Table 10 summarizes the relationships obtained with the liners and

mediums. Two formulas are shown, one based on stiffness and the other on
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open points 21Liner
Closed zMedium a

MD

CD

I I I I I I I I i I I I-
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Ext 0.75 Ey t0*25 a .E 0.75 Ez t0.2 5 ,kN/ m

Figure 22. Ring crush results vs. elastic
function in axial direction.
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Figure 23. Ring crush results vs. elastic stiffness
model functions In the axial (Ma) and
circumferential (MC) directions (M =
Et 0.7 5 Ez t 0 2 5).
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stiffnesses and density. The overall correlation coefficients are high and the

prediction errors average around 7%. The prediction errors are probably near

the variability in the measurements as discussed in the case of the STFI.

Figure 24 illustrates the agreement between predicted and observed ring crush

values for the mediums.

200
MEDIUM

0 MD
c. x CD o 
I/ / I

A 150 /

U) x /

o / o

'100- °0000

0 0300xww
0 50 00 150 200

x. xt(

OBSERVED RING CRUSH, Ib/6in

Figure 24. Observed vs. predicted ring crush values based on elastic
stiffnesses in the two directions and density.

In the case of the medium, density was a significant factor and helped

reduce prediction errors. It had a lesser effect in the case of the liners. We

believe it should be kept in mind in both cases when large density differences

occur.

These relationships reduce to three terms; namely,

1. stiffness function in direction of load, Et0 '7 5 Ezt0'2 5 ,

where Et denotes Ext for MD and Eyt for CD direction
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2. a directionality function (1 + K(Ext/Eyt) 0' 7 5)

3. density.

For boards with about the same directionality and density the first is dominant.

The second and third terms can be viewed as correction factors which come into

play if there are large differences in directionality or density. From a

theoretical standpoint we need a more rigorous analysis of the ring test to more

precisely define the failure factors.

We have applied these equation forms to the 42-lb liner and the 26-lb

medium data. The prediction errors are about 6%. The correlation coefficients

are near 0.93 to 0.95. These are favorably high but influenced by using both MD

and CD data in the correlation.

BURSTING STRENGTH

Bursting strength is primarily dependent on the average tensile

strength of the board times the square root of the stretch in the machine direc-

tion. More refined analyses indicate the directionality of the board should be

taken into account.

Because tensile strength is well related to the in-plane elastic stiff-

nesses, the average tensile should be approximately related to the geometric

mean of the in-plane stiffnesses [(Ext)(Eyt)]1/2 . The latter is well related to

Gxyt as discussed earlier.

As might be expected from the above, bursting strength appeared to be

best related to the in-plane shear stiffness (see Table 11). Initial efforts

to include other stiffnesses indicated only small improvements could be gained.

While an overall correlation coefficient of 0.94 was obtained, the within-grade
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coefficients ranged from 0.40 to 0.57. We need to see if these can be improved,

perhaps by consideration of MD stretch.

Table 11. Relationships between burst and the in-plane shear
stiffness on linerboard.

L 26-33

L 42

L 69

L 42-69

All

Note: Burst

Std.
Corr. Error of
Coeff. Estimate

0.61 9.85

0.40 6.05

0.57 11.86

0.91 8.99

0.94 9.44

= a Gxyt + b.

Intercept,
b

26.16

67.98

50.82

36.62

26.24

COMBINED BOARD ECT

As mentioned previously, the liners were combined with a "standard"

medium into single-faced board. They were then manually double-backed. Similar-

ly, the mediums were combined with a "standard" liner. ECT tests were carried

out on the double-faced boards.

For analysis purpose the ECT tests results were related to the com-

ponent properties using simple addition formulas, i.e.,

ECT = a (2L + DM) + b

where L = CD liner property
M = CD medium property
D = draw factor

a,b = constants

Slope,
a

0.129

0.066

0.106

0.121

0.134
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Test properties compared in this way inc!ude CD STFI, CD elastic stiff- 

nes.s function (Eyt0*75 E,toez5) and ring crush. ‘. The overall and within-grade 

correlations are summarized in Table 12. Figures 25 and 26 illustrate the 

overall relations obtained using the STFI and elastic stiffnesses, respectively. 

The overall correlatjons are high as would be expected for this basis 

wei gh t range. All three component characteristics, STFI, ring crush, and the 

elastic stiffnesses, correlated about equally well. 

The within-grade correlation comparisons vary for the three component 

tests. For the 42-lb linerboards the three were nearly equivalent. For the 26- 

and 33-lb medium combinations the STFI results gave the highest correlations 

while ring crush was poor in both cases. Tentatively, it appears that 

1. STFI tests correlate well with ECT. The ring crush correlations 

were high for the liner combinations but less so for the medium 

combinations. 

2. The elastic stiffnesses of the components also correlate with ECT, 

which lends support to their use in measurement and control of 

board properties. 

To predict ECT from STFI results the formula based on the combined 

liner and medium data should be used. 

ECT = 0.685 (2~3, + D S,) + 4.62 

where ECT = C.B. edge cr,ush, lb/inch 
S1 = CD liner :STFI compressive strength, lb/inch 

%I = CD medium ST!1 compressive strength, lb/inch 
D = draw or take-up factor. Typical draw factors for A, B 

and C flute board are 1.56, 1.36 and 1.42, respectively. 
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LINERS WITH 261b
MEDIUM
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The above ECT formula was cross' checked by substituting STFI for ring

crush in the Project 3511 formulas (7).uSing the relationships below. The re-

sulting predict-ions were fn good agreement with those obtained with the above

formula: 0°26-33: S 60 RC0 100+ 5

42-69: S '= 0.234 RC + 0.148

Medi um::

26-40: S = 0.183 RC + 5.20where STFI, (2L + DM), b/in

Figure 25. Relation between STFI and ECT for liner combinations.The above ECT formula was cross checked by substituting STFI for ring

crush in the Project 3511 formulas (7) using the relationships below. The re-

sulting predictions were in good agreement with those obtained with the above

formula. . . :

STFI/ring crush formulas

Linerboard: :
26-33: S = 0.160 RC + 5.37

! ' 42-69: S= 0.234 RC + 0.148

Medium'.:
26-40: S = 0.183 RC + 5.20

where S = CD STFI, lb/in
RC = CD ring crush
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Figure 26. Relation between ECT and elastic stiffnesses for liner combinations.

CONCORA AND COMBINED BOARD FLAT CRUSH

Inspection of the combined board flat crush results indicates that the

heavyweight mediums exhibit low flat crush strengths per pound of basis weight

(see Table 13). For example, the 40 to 42-lb mediums are about 20% low on a pound

of fiber basis. Some of the 33 to 36-lb mediums may exhibit similar behavior.

This is not surprising because heavyweight mediums are usually more difficult to

form without damage.

Examination of load-deformation curves suggests that such 40-lb mediums

fail as the second arch begins to collapse (Fig. 27) They apparently do not

square-off completely at failure in the typical "hat" shaped manner and hence

do not attain as high a load as expected. A few photomicrographs of failed
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Figure 28 shows pressure patterns obtained when materials of increasing

thickness are corrugated on C-flute rolls. At calipers in the 8.5 to 11 mil

range the maximum pressures during corrugating are exerted on the flute tips as

expected. However, at the higher calipers most of the corrugated roll pressure

is imposed on the flute sidewalls. As a consequence the flute flanks suffer

more caliper loss and greater fiber-to-fiber bonding damage as medium weight and

caliper increase. This lowers the ultimate flat crush strength of the flute.

CALIPER, mils

8.5 11.0 15.5 18.0

!*~~~ I8 | ~~~~~-, i I- i'

* " t ·08- ' 5 I I I I

I I II t I- I , , I 
I 'l ' I I I , i , 

Figure 28. C-flute corrugating pressure patterns show corrugating pressures
shift from flute tips to flanks as medium caliper increases.

Changes in flute profile to introduce more flank clearance while main-

taining or increasing the flute tip radii may be one way to improve the runna-

bility of high weight medium. Another approach is to densify the medium by

means of wet pressing which will lower caliper and increase most strength prop-

erties for the same basis weight. In our current funded research program we

have shown that high flat crush and ECT results are achieved by this approach.

In carrying out the Instron flat crush load-deformation tests we used

the Instron peak detector computer system to measure initial peak loads. These
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correspond to the first peak in the curves when the arches on one side collapse.

The first peak loads (and deflections) are believed to be a better measure of

the potentials of the board to resist conversion damage. Keeping in mind that

not all curves show clearly visible first peaks, Table 14 shows that the first

peak and ultimate flat crush loads exhibit opposite trends per pound of fiber.

Table 14. Comparison of ultimate and first peak flat crush loads
per pound of fiber.

Load per Pound
Medium of Fiber Defl, in

No. of wt., First Final first
Grade Lots lb/1000 ft2 Peak Peak peak

26 21 26.3 0.77 1.33 0.021

33-36 11 34.0 0.94 1.31 0.023

40 7 40.9 0.98 1.07 0.024

The 26-lb mediums exhibit a low first peak load but achieve relatively

high final peak strengths per pound of fiber. The higher weight mediums show

higher first peak strengths, but their final peak strengths per pound of fiber

decrease due to flank damage. However, the deflections at first peak show little

change with increasing weight. Thus for a given degree of crushing deformation

during conversion the higher medium weights retain an advantage.

The fluting damage which affected flat crush results does not seem to

affect ECT results in the same way. Table 15 shows that ECT results per pound

of combined board weight are constant for the various medium grade weights.

The ECT results do decrease if based on the medium weight.

The ultimate flat crush strengths of the 26- and 33 to 36-lb grade

medium combinations were fairly well related to Concora and MD STFI compressive

strength (see Fig. 29 and 30). Flat crush also appeared about equally well

Report One
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related to the elastic stiffnesses, Ext and Ezt. However, the STFI and elastic

stiffness relationships appeared to be sensitive to the flute damage Incurred

in corrugating the heavier weight mediums. The Concora appeared to be less sen-

sitive to flute damage because it simulates in part the fluting process.

Table 15. ECT results for medium combinations with 42-lb liner.

Av.
Medium Av. ECT/lb of Fiber
Weight, No. of ECT, Based on Based on

lb/1000ft2 Lots lb/inch C.B. wt. Medium wt.a

26.3 21 43.0 0.35 1.15
34.0 11 47.9 0.35 0.99
40.9 7 50.5 0.35 0.87

aMultiplied by draw factor (1.42).

Table 16. Flat crush correlations with medium properties
(26 to 36-lb medium).

Independent Regression Coefficients Corr.
Variable(s) Slope Intercept Coeff.

1. Concora 0.49 4.43 0.92

2. MD STFI 1.53 3.55 0.81

0
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APPENDIX I

TEST RESULTS

Strength Properties of Linerboard (Tables 17 - 20)

Strength Properties of Medium (Tables 21 -24)

Elastic Stiffness Results (Tables 25 - 32)

Combined Board Test Results (Tables 33 and 34)
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Project 2695-23

APPENDIX II

TEST PROCEDURES

All materials were preconditioned at less than 35%, 23°C and con-

ditioned at 50 ± 2% RH, 23°C prior to test. The tests and procedures employed

are shown in Table 35.

Table 35. Test procedures.

Test

1. Basis weight

2. Caliper, TAPPI

3. Caliper, IPC

4. Ring crush, MD

CD

5. Taber stiffness MD

CD

6. STFI compressive strength, MD

CD

7.

8.

9.

10.

12.

Concora (medium only)

Bursting strength (liners only)

In-plane elastic stiffnesses

ZD elastic stiffness

Out-of-plane shear stiffnesses

No. of
Tests

5

20

5

10

10

5

5

20

20

10

10

5

5

3

Test
Procedure

T410

T411

IPCa

T818

T818

T489

T489

__b

-_b

T809

T807

IPC
c

IPCc

IPCc

aIPC compressible platen thickness gage (see Hardacker, K.W.,
IPC Technical Paper Series No. 138. Jan., 1984).

bModel 53M STFI compression tester, according to manufacturer's
instructions.

CInstitute procedures for ultrasonic stiffness determinations.

d
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