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The industrial relevance of understanding how in-
plane pre-straining affects out-of-plane delamina-
tion is substantial. During creasing and folding, fix-

tures and toolpaths impose in-plane stretching that can 
reduce z-direction stiffness and strength. Quantifying these 
effects enables manufacturers to adjust crease design, fixa-
tion, and folding parameters to minimize surface cracking. 
An authoritative review of the development of the creasing 
and folding technology from prehistoric times to the pres-
ent day is given in [1].

During the creasing process, the paperboard delaminates 
in the crease line. Here, the paperboard is divided into thin-
ner plies. Each of these plies is thinner than the original 
paperboard, as illustrated in Fig. 1. During the subsequent 

folding process, the paperboard is bent. During bending, 
the inner layers are compressed, and the outer plies are 
pulled. That is, compressive in-plane stressing occurs in the 
inner plies of the fold. These stresses lead to local buckling 
of the compressed layers. This helps to form a permanent 
fold line. Tensile in-plane stresses in the outer plies of the 
fold balance the compressive stresses of the inner plies. If 
too large in-plane tensile stresses develop during folding, 
cracks may develop on the outside of the box at the fold 
line. Cracks on the outside surfaces should be avoided.

The buckling stress depends on the thickness and length 
of the compressed inner ply (for elastic buckling, the buck-
ling stress scales with the square of the thickness of the 
compressed layer and the square of the length of the de-
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ABSTRACT: Delamination strength is an essential property for the creasing and folding operations of paper-
board into boxes. Due to fixation during creasing, the paperboard suffers in-plane straining. In the present study, we 
aim to increase our understanding of how in-plane straining affects the delamination properties of paperboard. 

Samples of paperboard were first strained in in-plane tensile loading, both in the machine-direction and in the 
cross-direction. Afterward, the paperboard is loaded in the out-of-plane (ZD) direction. Three different grades of 
commercial paperboard from two major manufacturers were tested in a climate-controlled lab. The results showed 
similar results for all grades of paperboard, with the delamination strength and the out-of-plane stiffness decreasing 
virtually linearly with pre-straining. With about 5% plastic in-plane straining, the strength was reduced by about 20% 
and the stiffness decreased by more than 50% for all grades of paperboard. Normalizing the strength and the stiff-
ness with their values without pre-straining reveals virtually the same relation for all grades of paperboard. If proven 
to be a general result, this will prove valuable in reducing the demand for experiments.

	 Application: The results from this study are important for the understanding and modeling of creasing and 
folding of paperboard.

1. Principle of creasing and folding. Left: Paperboard (dark gray) positioned over a matrix (lower light grey boxes). The creasing 
ruler is sketched as the upper light gray semicircular object. The blue area in the paperboard is used to visualize the straining 
during creasing. Middle: The ruler is pressed vertically into the paperboard, resulting in a crease line. During the process, out-
of-plane stresses develop; opening stress σ, due to the vertical stretching of the paperboard, and shear stresses τ, due to the 
out-of-plane shearing of the paperboard. This results in delamination cracks. Right: In the subsequent folding process, the inner 
delaminated layers buckle, and the outer delaminated layers are stretched as the paperboard is bent. 
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laminated layer [2]), and surface cracks are driven by the 
balancing tensile stresses acting on the outer ply. Thus, the 
processes involved for creasing and folding need to be well-
understood for an optimization of the converting process. 
Numerical simulations are being developed to improve the 
creasing process. The success of these models critically de-
pends on the material model used and the accuracy of the 
constitutive properties used in the models. To date, consti-
tutive properties have to be measured experimentally. Stud-
ies of the mechanics of paperboard related to creasing and 
folding, from a modeling, numerical, and/or experimental 
perspective, are found in [1,3-13]. Micromechanical studies 
aiming at increasing our understanding of the nonlinear 
properties of paperboard are presented in [14-19].

Delamination cracks in paperboard are primarily caused 
by the out-of-plane (ZD) stresses and the compressive in-
plane stresses. The out-of-plane stresses are both opening 
and shear stresses. Studies of the mechanical out-of-plane 
properties of paperboard are conducted by bonding the 
paperboard to metal substrates that are mounted in the 
grips of a tensile test machine. The grips of the test machine 
are gradually separated, and the separation and applied 
force are measured. Traditional methods assume a uniform 
stress field in the paperboard. By this assumption, stress-
separation data is recorded. The stress first increases near-
ly linearly with increasing separation of the surfaces of the 
paperboard. That is, the response is initially elastic, and 
upon unloading, the paperboard almost returns to its ini-
tial, virgin state. However, at a certain stress level, denoted 
the out-of-plane strength, delamination cracks nucleate at 
weak spots in the paperboard. As the separation is further 
increased, the stress decreases as the cracks widen. At a 
final state, the crack faces span the complete paperboard, 
and the stress is zero. 

Figure 2 illustrates the experimental setup used in a 
standardized method (TAPPI Standard Test Method T 541 
“Internal bond strength of paperboard [z-direction tensile]”) 
for separation tests in the opening direction; that is, result-
ing in an opening stress. The test method is described later 
in more detail in the “ZD tests” portion of the Experimen-
tal section. For shear testing, corresponding methods have 
to date been unsuccessful in achieving stable tests. That is, 
before the paperboard is completely separated into two 
plies, the paperboard suddenly splits into two plies due to 
the instability of the test setup.

In the context of delamination, the shear-mode strength 
is several times larger than the opening-mode strength. For 
the paperboards studied here, the shear delamination 
strength is about four times the opening strength. In con-
trast, the critical separation at complete delamination in the 
shear mode is roughly one quarter of that in the opening 
mode. This puts higher demands on the test procedures in 
shear than in opening mode separation. In shear, the tests 
are prone to terminate prematurely due to instability.  A 
recently presented novel test procedure enables stable 

shear testing [20]. This procedure is currently optimized for 
ease of handling [21].

Fixation of the paperboard during creasing prevents the 
paperboard from slipping in its plane and thus secures an 
accurate positioning of the crease line on the paperboard. 
However, the fixation also results in in-plane straining of 
the paperboard; the paperboard has to follow the deformed 
path by the creasing ruler and matrix (Fig. 1). This stretch-
es the paperboard in its plane. An estimate based on a 
simple geometrical model gives in-plane strains of the order 
of 10% during creasing. The estimate is based on calculat-
ing the length of a surface element in its creased and non-
creased states using a reasonable geometry for creasing as 
in Fig. 1. The actual level is determined by the precise de-
sign of the fixation mechanism that locks the paperboard 
before it is creased. Potential effects of this straining are 
not considered in current models of converting processes 
(see, for example, [11,12]).

In the present study, we aim to show that in-plane strain-
ing reduces the ZD stiffness and strength. This is done by 
measuring the properties of the paperboard in its out-of-

2. Test setup for delamination tests in ZD (out-of-plane) for tests 
according to TAPPI T 541. The principal sketch illustrates the 
setup before the ZD-test. At this moment, the paperboard (red 
area) is attached to the lower part of the rig. In the next step, 
the upper part of the rig is moved downwards, and the pressure-
sensitive adhesive (PSA) on the upper part is pressed onto the 
paperboard. After a short dwell time, the upper part is moved 
upward in the loading direction, and the ZD-test is performed.
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plane direction in the virgin state of the paperboard and in 
different levels of in-plane straining. 

MATERIALS
Three grades of commercial paperboard are used in the 
present study. These are designated as B315, B290, and 
H330. Here, the number indicates the nominal grammage 
in grams per square meter (g/m2) of the paperboard, as 
shown Table I. These paperboards are chosen because 
they have similar thickness and grammage but represent a 
significant variation in production methods. They are made 
on three different paperboard machines and are produced 
as three- or four-ply sheets. The B315 is a duplex board, 
while the other two are bleached boards. All are pigment 
coated, with multiple plies that have different properties to 
suit various commercial uses. The B315 and the B290 have 
outer plies made of kraft fiber and inner plies of a mix of 
chemithermomechanical pulp (CTMP), broke, and kraft fi-
bers. Similarly, H330 consists of outer plies of kraft fibers, 
with the inner ply made from a blend of kraft and broke 
fibers. With this background, we can measure variations in 
properties. The paperboards were delivered as 210 mm x 
297 mm (A4 size) sheets with the long side in the machine-
direction (MD). Before testing, the sheets were conditioned 
in a climate-controlled laboratory for several days. The lab 
is maintained at 23°C and 50% relative humidity. The sheets 
are first measured for thickness and grammage. The data 
are summarized in Table I.

EXPERIMENTAL
To identify the effects of in-plane straining, the paperboard 
is strained using tensile loading. That is, the paperboard is 
stretched to different levels of strain. This is done both in 
the MD and in the cross-direction (CD). This process pro-
duces damaged samples of paperboard that are loaded in 
the z-direction in the final step. Thus, the experiments are 
performed in two steps:

• �Step 1. In-plane tensile loading of the paperboard in 
both MD and CD. This creates paperboard with vary-
ing levels of damage, which is used in the subsequent 
delamination tests. The tensile tests are either run 
until the paperboard fractures, or the tests are termi-
nated at a specified fraction of the measured fracture 
strain, i.e., at 20%, 40%, 60%, or 80% of the measured 
fracture strain. 

• �Step 2. Delamination testing of the virgin and dam-
aged paperboards to measure the delamination prop-
erties. This reveals how these properties are influ-
enced by damage due to the in-plane straining from 
the tensile tests in Step 1.

The delamination tests without in-plane straining pro-
vide a baseline for further comparisons. Both tensile and 
ZD testing are performed in a ZwickRoell Z005 testing ma-
chine (ZwickRoell; Ulm, Germany).

	
Tensile loading

The tensile tests are performed similarly to what is stated in 
ISO 1924-3 “Paper and board — Determination of tensile prop-
erties — Part 3: Constant rate of elongation method (100 mm/
min),” with the following notable deviations: The width of the 
specimens and their length are maximized to create the largest 
possible test specimens for the subsequent delamination tests. 
This results in a width b = 30 mm and grip-to-grip lengths  
L ≈ 240 mm in MD and L ≈ 150 mm in CD. The elongation 
rate is maintained at 100 mm/min, as specified in the stan-
dard. Due to the change in specimen length, the engineering 
strain rate is altered from 0.017 s-1 in the standard to 0.007 s-1 
in MD and 0.011 s-1 in CD. Consequently, there is approxi-
mately a 60% decrease in strain rate in MD and about 35% 
reduction in the CD tests. This change in strain rate is ex-
pected to have a negligible effect on the results. As a rule of 
thumb, a change in strain rate of one decade of magnitude is 
needed to influence the strength by roughly 10% (see [22]).

For each paper type, samples of the paperboards are 
loaded until failure in MD and CD, as well as to 80%, 60%, 
40%, and 20% of their fracture strains in CD. Figure 3 dis-
plays the resulting stress-strain curves for these tests. As 
expected, all paperboard qualities exhibit substantially 
higher strength in MD than in CD. Additionally, ductility is 
significantly greater in CD compared to MD. The scatter 
between individual specimens is minimal. The measured 
tensile properties indicate that MD strength ranges from 45 
MPa to 59 MPa, which is considered a significant variation 
for boards with similar grammage and thickness. In con-
trast, the CD strength remains consistent across all boards. 
The results of the tensile tests are summarized in Table II. 
The data in parentheses represent one standard deviation.

It is observed that some fractured specimens showed 
local buckling. The buckling appears as a local thickening 
extending across the width of the specimen and with an 
axial length of about the thickness of the paperboard. This 
phenomenon can be attributed to two main factors, as in 
[23]. First, it is believed to result from an elastic wave prop-
agating from the fracture surface and moving to the grips 
after the specimen fractures, which can cause localized 
buckling. Second, the anisotropic nature of the paperboard 
significantly contributes. These parts of the specimens are 
rejected for further use. Similarly, parts near the fracture 
surfaces are also dismissed.

Property B315 B290 H330

Thickness, μm 485 415 440

Grammage, g/m2 307 298 325

Number of plies 4 3 3

I. Paperboard qualities and measured data.
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3. Stress-strain plots for in-plane tensile tests. The experiments in the cross-direction (CD) are terminated at five different levels 
of straining: at fracture, and at 80%, 60%, 40%, and 20% of the fracture strain. In the machine-direction (MD), all experiments are 
terminated at fracture. Note the difference in stress and strain ranges in the different plots.

(a) B315 CD

(c) B290 CD

(e) H330 CD

(b) B315 MD

(d) B290 MD

(f) H330 MD
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ZD tests
The tests in ZD are performed following the TAPPI Stan-
dard Test Method T 541. Virgin and damaged paperboard 
are joined to a specially designed grip (ZwickRoell) using 
double-coated pressure-sensitive tape, 3M 410M (3M; St. 
Paul, MN USA). According to the standard, the loading is 
carried out in two steps. First, the paperboard is com-
pressed to secure the connection to the grips. In the second 
step, the paperboard is delaminated under a tensile load at 
the prescribed rate of 66 mm/min. Figure 2 illustrates the 
test setup.

Repeated tests are performed on each type of paper-
board, including virgin paperboard and paperboard 
strained to fracture in CD and MD. Additionally, tests are 
conducted on paperboards strained to approximately 80%, 
60%, 40%, and 20% of the fracture strain in CD.

Figure 4 shows opening stress σ vs. elongation δ in the 

z-direction for 13 ZD tests on B315 in its virgin state. We 
chose to use separation instead of strain in ZD; after the 
initiation of delamination, opening strain can no longer be 
derived from the recorded data since the separation in-
cludes the effects of the separation of crack surfaces and 
the straining of the layers. The maximum recorded opening 
stress, i.e., the strength in ZD, σ0,  is calculated to have the 
mean value of the strength σ-0 0.285 MPa. The standard 
deviation is 0.011 MPa. This value of σ-0, in the virgin state, 
is used as a base value in the further evaluation of the ex-
perimental data for B315. Similarly, the measured values of 
σ-0  for B290 and H330 are used as base values in the inter-
pretation of the results for these paperboards. The data are 
summarized in Table III. Hence, the experiments on the 
virgin paperboard showed that the ZD strength of the 
boards varied from 0.19 MPa to 0.31 MPa. For paperboards, 
this represents a substantial variation in what can be 

4. Opening stress σ vs. elongation δ in ZD for B315 in its virgin state. The blue circles represent data from the individual ZD-tests, 
and the black curve is a least-squares fit to the circles according to Eq. 1. 

Paperboard and Loading Direction Strain at Fracture,  
%

Strength,  
MPa

Young’s Modulus,  
GPa

B315MD 2.1 (0.03) 45 (0.4) 4.3 (0.05)

B315CD 5.9 (0.18) 30 (0.8) 2.2 (0.05)

B290MD 2.3 (0.15) 48 (1.7) 4.7 (0.08)

B290MD 6.0 (0.22) 30 (0.5) 2.5 (0.03)

H330MD 2.3 (0.12) 59 (2.2) 5.5 (0.08)

H330CD 6.9 (0.28) 31 (0.7) 2.3 (0.02)

II. Experimental results from the tensile tests. Numbers in parenthesis are one standard deviation.
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achieved for multi-ply paperboards.
A rational function is observed to adapt well to the ex-

perimental data (Fig. 4):

		  (1)

It should, however, be noted that the curve is limited to the 
present values of separation and should not be used for ex-
trapolation. Equation 1 is adapted to the experimental data 
using the MATLAB CurveFitter application. This is done for 
all experimental data and for each paperboard type. (It is 
recognized that alternative methods to determine the free 
parameters are possible.) It is noted that the adapted curve 

gives a somewhat smaller strength, i.e., the value σ0 ≈ 0.27 
MPa for B315, than what is directly evaluated from the raw 
data, i.e., 0.285 MPa for B315. The values of the strength as-
sessed directly from the ZD tests are used in the further 
evaluation of the experiments. 

Of special interest is the elastic stiffness K = dσ /dδ|δ =0 = 
p3/q2 = 3.02 MPa/mm for B315 in its virgin state. The data 
is derived from the adapted rational function. The evalu-
ated values of the stiffness are given in Table III.

RESULTS AND DISCUSSION
The three paperboard grades exhibit similar in-plane prop-
erties but differ in z-direction (ZD) modulus and strength 
(Table III; Figs. 5–6). Differences are attributed to ply ar-

Paperboard and 
Direction of  
Pre-Loading

Strain at End of 
Pre-Loading, 

%

Plastic Strain at End 
of Pre-Loading,  

%

Number of 
Experiments

ZD Strength,  
MPa

K,  
MPa/mm

B315V 0 0 13 0.28 (0.01)  3.0

B315CD  1.2 0.5 5 0.29 (0.02)  3.0

B315CD 2.4  1.5 3 0.28 (0.01)  2.4

B315CD 3.6 2.5 3 0.26 (0.008) 2.6

B315CD 4.8 3.6 4  0.25 (0.006) 2.0

B315CD  5.9 4.5 14 0.22 (0.02) 1.8

B315MD  2.1 1.1 10 0.25 (0.03) 2.5

B290V 0 0 15 0.31 (0.02)  3.9

B290CD 1.2 0.5 5 0.32 (0.009) 3.6

B290MD  2.3 1.3 10 0.28 (0.01)  3.3

B290CD 2.4 1.5 5 0.31 (0.006) 3.1

B290CD 3.6 2.6 5 0.29 (0.009)  2.9

B290CD 4.8 3.7 5 0.27 (0.02) 2.4

B290CD  6.0 4.8 15 0.24 (0.01) 2.2

H330V 0 0 15 0.19 (0.01) 6.3

H330CD 1.4 0.7 5 0.20 (0.002) 5.3

H330MD 2.3 1.3 9 0.17 (0.005) 4.5

H330CD 2.8 1.8 5 0.18 (0.004) 4.3

H330CD 4.2 3.1 5 0.16 (0.003) 3.6

H330CD 5.6 4.4 5 0.15 (0.004) 2.6

H330CD 6.9  5.5 14 0.13 (0.005) 1.8

III. Experimental results from ZD-tests. Numbers in parenthesis is one standard deviation. Designation ”V” indicates ZD-test 
performed on paperboard without pre-straining. Plastic strain at the end of pre-loading is calculated from the basic strength-of-
material-formula p = −σ/ E and using the relevant value of Young’s modulus E from the results of the tensile tests. The out-of-plane 
stiffness K is derived from curve-fitted data as described in the "ZD tests" portion of the Experimental section.
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chitecture, fiber orientation, and interfacial bonding. Nota-
bly, the grade with the lowest ZD modulus shows compar-
atively high strength, which can arise when compliant 
layers arrest or deflect interfacial cracks. At the same time, 
well-bonded interfaces still carry peak loads. Fractography 
(Fig. 7) indicates that failure predominantly occurs along 
interfaces, with occasional intra-ply failure. Pre-straining 
weakens interfacial bonds and shifts the failure locus to-
ward interfaces, explaining the nearly linear reduction in 
both stiffness and strength with increasing plastic pre-strain.

Figures 8–10 show the adapted rational functions 
from all experiments on B315, B290, and H330, respec-

tively. It is observed that the pre-straining damages the pa-
perboard. The ZD-tests on 315MD, Fig. 8, do not fully fol-
low the trend indicated by the tests in CD. However, all 
results from the CD tests appear to result in a gradual de-
crease in the out-of-plane strength and stiffness with in-
creasing in-plane strain. The results for B290, Fig. 9, are 
consistent with the results for B315. However, in this case, 
the results in MD are in better agreement with the trend 
from the results in CD. For H330, Fig. 10, the results are 
consistent with the results of the other two paperboards. 
However, the strength is about 30% smaller than for the 
two other paperboards.

5. Strength in ZD after different levels of pre-straining. Data directly evaluated from the recorded σ(δ)−curves.

6. Stiffness in ZD after different levels of pre-straining. Data evaluated from the adapted σ(δ)−curves.
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7. Examples of four fracture surfaces from ZD-tests on B315, i.e., from tests 2, 3, 4, and 5. The paperboard is shown after the ZD-test. 
It is still fixed to the upper grip, cf. Fig. 2. The surface from test 2 shows an almost uniform structure; test 3 shows about 60% of 
the surface with a similar color to test 2. However, the rest of the fracture surface is darker. This indicates that the crack path has 
switched plies during delamination. Test 4 shows an almost uniform, darker surface, and test 5 shows a crack switching plies 
similarly to test 3. 

8. Adapted σ(δ)−curves for B315 in different damaged states from the virgin state to pre-strained to a plastic strain of 4.5%.

9. Adapted σ(δ)−curves for B290 in different damaged states from the virgin state to pre-strained to a plastic strain of 4.8%.
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The influence of the pre-straining on the strength is 
summarized in Fig. 11 for all paper grades. A pronounced 
influence of in-plane straining on the delamination strength 
of paperboard is shown. It appears to be an almost linear 
relationship between pre-straining and strength. Effects of 
pre-straining on the stiffness K are shown in Fig. 6. These 
data show an even larger influence of in-plane straining on 
K as compared to the impact on the strength.

An unexpected result is the slight increase in strength 
measured with the smallest level of pre-strain, as shown in 
Fig. 10 and Table III. That is, with about 1% pre-straining 
corresponding to about 0.5% plastic in-plane strain, all pa-
perboards show a minute increase in strength of about 3%. 
During small pre-straining, the fibers are pulled and more 
fiber-fiber bonds are expected to be activated. This would 

result in a slightly larger strength. A similar phenomenon 
is reported in [24].

Pre-straining is observed to influence both stiffness and 
strength almost linearly. A valid assumption is that the dam-
aging effect is uninfluenced by the elastic part of the total 
strain. To this end, we eliminate the elastic strain from the 
total in-plane strain in the tensile tests and study the influ-
ence of the plastic pre-strain. Using  = σ/E + p with 
Young’s modulus E from the tensile tests, we derive the 
plastic strain p for the tensile tests, as in Table III. It is also 
interesting to study whether a proper scaling can rational-
ize the influence; that is, to examine if there is any general 
property of the results that appears equal between the dif-
ferent qualities of paperboard studied. By introducing the 
relative reduction in strength, Δσ0/σ0, we arrive at Fig. 11. 

10. Adapted σ(δ)−curves for H330 in different damaged states from the virgin state to pre-strained to a plastic strain of 5.5%.

11. Relative reduction in strength from ZD-tests vs. level of plastic pre-straining. The black trend line is a least-squares fit to the data.
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The line is a least squares adaptation to all the data points. 
It is noted that the adapted line well approximates the data:

 
		

(2)

If this is a general result, it would drastically reduce the 
need for experimental studies. Instead of being forced to 
evaluate each paper type at several strain levels, only the 
virgin state would suffice, and Eq. 2 can be used to predict 
the influence of in-plane straining on the ZD strength of 
paperboard.

Figure 12 shows a plot of the influence of plastic pre-
straining on the out-of-plane stiffness K. A least squares 
adaptation gives the relative reduction of stiffness as:

		  (3)

where K0 is the stiffness for the virgin material, as given in 
Table III. Thus, the influence of plastic in-plane straining 
is about twice as large on the stiffness than on the strength. 
The result suggests that only the virgin state of the paper-
board needs to be tested, and Eq. 3 can be used to predict 
the influence of pre-straining on K.

As shown, both the ZD stiffness and the strength of the 
paperboard are reduced due to in-plane straining. This has 
potential implications for delamination during the creasing 
process where the paperboard is sheared. If similar reduc-
tions in strength and stiffness are observed in shear, the 
effects on delamination during creasing are not obvious. 
The lower stiffness gives smaller stresses, and the lower 
strength makes delamination possible with smaller stress-
es. However, the effect of plastic straining on the stiffness 
is about twice as large as its effect on the strength (Eq. 2 
and Eq. 3). That is, it is not obvious how this effect affects 

the creasing and folding processes. This topic needs fur-
ther research.

All paperboards in this study are manufactured in con-
tinuous industrial processes. These processes result in un-
even distributions in fiber orientation with fibers mainly 
orientated in the plane of the paper. Primarily in MD, how-
ever, fibers are also oriented towards the cross direction, 
CD. As a result, the Young’s modulus in MD is about twice 
as large as observed in CD (Table II). 

The distribution in fiber orientation also helps us under-
stand the observed dramatic differences in strain-to-failure 
as noted in the tests [22]. Table II shows almost three times 
larger strain-to-failure in CD than in MD. In ZD, the “engi-
neering strain” to failure δmax

/t is orders of magnitude larg-
er than the strain-to-failure in in-plane loading. (In the ZD 
tests, the experiments were chosen to be terminated when 
the stress in ZD had decreased to 80% of the maximum 
stress.) It should be noted that the meaning of strain is lost 
after the delamination starts. With the paperboard split by 
a delamination crack, the total separation  is the sum of the 
effects of a crack opening and the straining of the layers 
above and below the delamination crack.

During in-plane plastic straining, fiber bounds fail [14]. 
This is believed to be a main reason for the loss in ZD stiff-
ness and strength. The larger the plastic strain, the larger 
is the decrease in both stiffness and strength. Moreover, it 
appears that the damaging effect of plastic straining is in-
dependent of the direction of straining. That is, the same 
amount of plastic strain in MD and CD gives similar effects 
on the ZD strength and stiffness.

In [25], the fibers are shown to reorient with the strain-
ing of paperboard in CD. That is, the fibers orient in the 
straining direction. No such effect could be quantified in 
MD. However, with alignment of the fibers in the plane of 
the paperboard, fewer fiber bonds need to break in ZD 

12. Relative reduction in stiffness from ZD-tests vs. level of plastic pre-straining. The black trend line is a least-squares fit to the data.
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loading, and smaller strength would be expected in ZD 
with fiber reorientation. This might be an additional mech-
anism behind the results shown in the present study.

One of the paperboards, B315, showed slightly differ-
ent behavior than the other two. In pre-strained states, 
B315 showed fracture surfaces in two different colors 
(Fig. 7). This is believed to be due to two potential crack 
paths with similar strengths. A crack at the interface be-
tween two layers can jump to a weaker, competing inter-
face. This matches the observed two-colored fracture sur-
face in test 3 in Fig. 7. Conversely, tests 2 and 4, which 
had the same pre-strain, show cracks growing along only 
one interface, indicating that both crack paths are equal-
ly probable. This probably explains why B315 behaves 
somewhat differently from B290 and H330, as seen in 
Figs. 4, 8, and 9.

CONCLUSIONS
The experiments demonstrate that in-plane plastic strain-
ing significantly reduces out-of-plane stiffness and de-
lamination strength of paperboard. These effects are pri-
marily attributed to the weakening of interfacial bonds, 
as confirmed by observations of the fracture surface. 
While absolute values differ between grades, the relative 
reduction in stiffness and strength with plastic pre-strain 
appears nearly linear and similar across the studied 
grades. 

The present study applied in-plane straining before ZD 
testing; potential coupling effects of simultaneous loading 
modes are a topic for future studies. If the observed trends 
generalize, they could substantially reduce the need for 
extensive experimental campaigns when characterizing 
paperboard for converting processes. The industrial impli-
cations are as follows: 

• �Virgin-state ZD tests may be sufficient to establish 
predictive relationships for stiffness and strength re-
duction as a function of plastic pre-strain, thereby re-
ducing the experimental workload. 

• �Tooling and fixation strategies can be optimized to min-
imize in-plane plasticity during creasing and folding. 

• �Process simulations should incorporate the sensitivity 
of ZD properties to pre-straining to improve predic-
tions of crease quality and surface crack risk.

Looking ahead, these findings provide a foundation for 
implementing a Digital Twin paradigm in paperboard con-
verting and forming into boxes. By embedding the predic-
tive relationships developed here into a virtual replica of 
the creasing and folding process, a digital twin could en-
able real-time monitoring of in-plane strain, simulate ZD 
property degradation, and optimize process parameters. 
Such an approach would support predictive maintenance, 
reduce waste, and accelerate the transition toward data-
driven, Industry 4.0-enabled packaging operations. 
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