AR, B hE =, TN, SRR, SRR < GO AR L HEHEOER (G 1H) AWk L OBEPREOBIE LM, & HihiE, 64(7), 68-76 (2010).

RN 2 < GO AERHERE L THEEDOER (G 1 #)
— &, L OB R OB & FHfi—

(bBere N BGpR AN Al) OFFikE . ok K
RO R AP R B 7Rt TIaT s, R B

Mechanisms on scratch generation on paper surface and factorial analysis of scratch resistance

Minoru Saito*, Yasuji Kazumori*, Toshiharu Enomae**, Akira Isogai**
*Hokuetsu Kishu Paper Co., Ltd.
**Graduate School of Agricultural and Life Sciences, The University of Tokyo

Abstract

Glossy coated paper is used as one of the highest quality paper products such as
photographic-quality paper and high grade container boxes. However, once the surface is scratched,
the resultant traces of the scratch are remarkable and detrimental to its glossy surface finish.
Such scratches arise when the coated paper is subject to scratching actions in various contact
situations such as a coating process, paper cutting process, and offset printing.

The objective of this research is to investigate the surface deformation properties during
scratching. Two different kinds of commercial coated paper samples (inkjet-type and offset
printing-type) were prepared for comparative study. The shape of scratches that arise on paper
surfaces in scratch tests were determined by using a laser scanning microscope (LSM) to evaluate
the deformation mechanisms.

The scratches were typically classified into two types; “plastic deformation” and “fracture”.
The two types are different and independent, but often involved in one scratch. The cross-sectional
deformation area and the onset load of crack generation were measured, and then the relationship
between them was discussed. Consequently, the characteristics of scratches were influenced by the
surface properties. Namely, low plastic deformation and high fracture toughness were suggested to
be required for high scratch resistance.
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Abstract

Glossy coated paper is used as one of the highest quality paper products such as photographic-quality
paper and high grade container boxes. However, once the surface is scratched, the resultant traces of the
scratch are remarkable and detrimental to its glossy surface finish. Such scratches arise when the coated
paper is subject to scratching actions in various contact situations such as a coating process, paper cutting
process, and offset printing.

The objective of this research is to investigate the surface deformation properties during scratching.
Two different kinds of commercial coated paper samples (ink jet-type and offset printing-type) were
prepared for comparative study. The shape of scratches that arise on paper surfaces in scratch tests were
determined by using a laser scanning microscope (LSM) to evaluate the deformation mechanisms.

The scratches were typically classified into two types; “plastic deformation” and “fracture”. The two
types are different and independent, but often involved in one scratch. The cross-sectional deformation area
and the onset load of crack generation were measured, and then the relationship between them was discussed.
Consequently, the characteristics of scratches were influenced by the surface properties. Namely, low plastic
deformation and high fracture toughness were suggested to be required for high scratch resistance.

1. Introduction

Paper products are manufactured sequentially through various production processes like papermaking,
coating, finishing, printing and converting until delivery to customers. In every process, its surface
encounters mechanical impact like abrasion and compression. When even small scratches or dents arise on
smooth and glossy surfaces, light reflected from the damaged surface is scattered detrimentally and they are
easily recognized by human eyes because of the contrasting reflection. Therefore, scratch resistance, which is
defined as resistance to scratching actions, is regarded as one of the important paper qualities. However, few
studies have been done on the mechanisms of scratch generation.

In general, scratch issues can be characterized from following three properties’.
1. Dimension of a scratch
2. Shape of a scratch
3. Ease of recognition by eyes as a scratch

The dimension of a scratch is represented by parameters like width, depth, and length of the streak. The
shape of a scratch is geometrical, and is classified under the shape of cross section of the streak, for example,
a rectangular or concave with or without piled-up broken pieces on the edges. The ease of recognition is a
relative appearance to the surrounding undamaged area in terms of smoothness.

As a method of evaluating characteristics of scratches on coated layer, visual inspection has been used.
Though it is not quantitative and lacks reproducibility, it is still in common use. Evaluation by visual
inspection is affected by factors relating to “ease of recognition”, and the contrast in gloss which is a factor
other than dimension and shape of the scratch is very influential to it. Therefore, it is not easy to discuss
geometrical characteristics of scratch in general.

We paid attention to the dimension and shape of scratches caused in a regular handling operation and
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observed them with laser scanning microscope (LSM). On the other hand, we made scratches on surfaces of
coated paper in surface scratch tests, analyzed LSM images of them, and then compared them at the same
level of standardized scratching intensity. The results gave information on the scratch resistance of coated
paper, and helped establish the evaluation method. Lastly, scratches caused in a commercial printing
operation were examined on the geometrical characteristics, using our original evaluation method.

2. Experiment
2.1 Samples

Two each kinds of cast coated paper for ink jet (IJ series) and for offset printing (Pr series), all of which
were available commercially, were used for scratch resistance evaluation. Details of the cast coated paper are
listed in Table 1.

2.2 Observation of scratch

Laser scanning microscope (VK-9720, Keyence Corporation), abbreviated as LSM hereafter, was used for
observation and evaluation of scratches. Observation was done at a magnification of 3000 as topographic
images as well as 3D images. In the measurement of cross-sectional deformation area which will be
discussed later, the software supplied with the equipment was used for the data analysis. Critical loads
causing cracks were judged by visual inspection.

2.3 Evaluation of scratch resistance

Scratch tester (TRIBOGEAR TYPE: 18L by SHINTO Scientific Co. Ltd.) which can increase the load on a
sheet surface continuously and repeat tests at the same condition was used As depicted in Fig.1, scratches
were made with a needle run in contact with a sheet surface. The mode of load application to the needle can
be controlled to be either constant or incremental. The critical load causing a scratch can be determined from
the load on the needle in the incremental mode. The needle used in the test was made of sapphire and the
diameter of the tip was 30um.

2.4 Scratch test by printing press

Samples were printed through a printing press under the constant condition and resultant scratches were
evaluated. The printing press was a sheet offset printing press (Mitsubishi DAIYA 6 color-printing press by
Mitsubishi Heavy Industries, Ltd.). The printing speed was 9000 sheets per hour. Cylinders No.1 and No.3 to
No.6 cylinders were non-operated with no nip pressure. Only at cylinder No.2, printing was done with a line
pattern of a single color on uncoated surfaces. Scratches caused by passing through the printing press were
evaluated in terms of the dimension and shape.

3. Results
3.1 Observation of scratches

Firstly, scratches found on surfaces of commercially printed sheets were observed and they were compared
to each other in terms of the shape. A scratched surface of cast coated paper (offset printing grade, Pr-A) are
shown in Fig. 2. Scratches like these were frequently observed, and we found that such scratches were
classified into two types; plain dents as shown in Fig. 2(a) and dents with fracture as shown in Fig. 2(c). We
defined them “plastic deformation type” and “fracture type”, respectively. However, in most cases, scratches
are generated from a complex combination of the two types. It is generally known that coat surface damages

proceed from elastic deformation, plastic deformation, and finally to fracture >*"
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3.2 Evaluation of scratches by needle scratch tester
3.2.1 Cross-sectional deformation area

The cross-sectional deformation area (abbreviated as CSDA hereafter) of the scratch generated with
increased load on the needle of the tester was measured. The result is shown in Fig. 3. As the load increased,
the CSDA also increased. Though the change is not linear and looks like a curve of second order, we will not
discuss it in this paper. It was clear that the cast coated paper for offset printing (Pr-A and B) had the larger
CSDA than the cast coated paper for ink jet printing (I1J-A and B).

The difference in CSDA was supposed to be due to the coated layer structures. Coat layer surfaces of the
two kinds of coated paper are shown in Fig. 4. The SEM photos show that Pr-A and B had more void volume.
In general, coatings with more void volumes are more easily and more largely deformed by external force,
though the hardness of binder may be influential to some extent. Kaolin particles in such coated paper are
platy and tended to be aligned in a plane easily by scratching force. This property, in addition, was supposed
to cause scratches to be larger. As an effective remedy to reduce CSDA caused by external force, coatings
should be dense with less void and the pigment particles that tend to be less aligned should be chosen.

3.2.2 Observation of scratches

The coated paper samples were tested with the needle scratch tester at various loads, and resultant scratches
were observed with LSM. Topographic images are shown in Fig. 5. For sample 1J-A, only dents arose on its
coat surface at a load of 20mN as shown in Fig. 5(a). When the load reached 100 mN, the dent became larger
and cracks were observed as shown in Fig. 5(b). We paid attention to the load which began to cause cracks as
a starting point of fracture of the coat layer. Pr-A had a coat layer which is less likely to be damaged than
1J-A as suggested by Fig. 5(c) and Fig. 5(d).

Every sample was tested at a wide range of load both below and above the level at which cracks began to
arise on the surface and every crack was observed with LSM. The LSM images as shown by Fig. 6 were
checked visually to obtain the minimum load generating a crack and it was defined as the onset load of
fracture. 1J-A and B produced cracks at loads less than those for Pr-A and B. In other words, the 1J samples
had coat layers which were more easily damaged than those for the Pr samples. Because ink jet paper has to
absorb ink jet inks and the binder contents of coat layers should be reduced to low levels for high ink jet
quality. The strengths of 1J-A and 1J-B were possibly low and they tended to be cracked easily. Binder
properties such as hardness, stretch, and fragility might be speculated also to influence the behavior. In short,
the action to take for improvement is to design coat layers with high densities as long as printing quality is
maintained and to increase the binder content to reinforce the coat layer to prevent breakage.

3.2.3 Relationship between CSDA and onset load of fracture

Elastic deformation, with strain proportional to stress, is generally observed in the low strain region. In the
needle scratch test, coat layers were compressed by the needle tip and deformed elastically in the beginning
of the test. With increased stress, however, adhesion between pigment and binder became easily broken and
it transferred to plastic deformation. After the load was removed, the deformation resided as a permanent set.
We believe that this is a type typical of scratches generating on coat surfaces. Some coat layers deform easily
and transfer to plastic deformation in early stages of deformation, others deform in the plastic mode only in
the low load region, but become fractured immediately afterwards. The latter pattern is called brittle fracture
and cracks caused by scratching force are thought to be the case.

Cracks, however, occurred periodically as implied by the images, and the deformation immediately after the
crack generation became smaller. From this observation, the deformation between cracks was considered to
be plastic deformation. Therefore, in some areas, there coexisted brittle fracture and plastic deformation.
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Coat layers which had high fracture resistances to brittle fracture kept plastic deformation even in the high
load region and showed a large amount of deformation. Therefore, we proposed following two parameters to
evaluate scratch resistance. One was the onset load of fracture at which brittle fracture starts. The other was
the ease of plastic deformation represented by the initial gradient of CSDA (the ratio of CSDA increase to the
load increase in the range of plastic deformation).

Fig. 7 depicts the relationship between the rate of deformation advancement (um*mN), that is, the ease of
plastic deformation at a load of 1 mN and the onset load of fracture. When 1J-A was compared to 1J-B, 1J-A
had the smaller CSDA and higher onset load of fracture. The 1J series and Pr series designed for different
uses, respectively, were compared to each other although they were both cast coated papers. The 1J series
showed the lower rate of deformation advancement. On the other hand, the Pr series showed the higher onset
load of fracture. As they had pros and cons of deformation properties in the counter directions, it was
difficult to judge which series had the better scratch resistance. It would be dependent on the condition
(velocity and impact) of a scratching force impacting paper surfaces and further study is needed for the
verification.

3.3 Scratches during printing

1J-A and Pr-A were passed through the printing press and their scratches were compared to each other. The
results are summarized in Table 2. 1J-A had the fewer scratches, which are commonly smaller in the
dimension. This observed trend about the dimension of the scratches corresponded to CSDA values in the
needle scratch test. Fig. 8 shows example photos of scratches. The scratch of 1J-A looks fractured. That of
Pr-A looks like a long dent with piled-up pieces on the edges. We observed all other scratches and confirmed
that the trend of difference between 1J-A and Pr-A. This finding corresponded to the scratch resistance
observed generally at the onset load of fracture in the needle scratch test. It was concluded that scratches
caused on paper surfaces during regular operations could be predicted by measuring CSDA and the onset
load of fracture in the needle scratch test. It would be indispensable to provide coat layers with a property of
low plastic deformation and high resistance to fracture strength, in order to make the surface resistant to
scratching.

4. Conclusion

Cast coated paper commercially available was used to characterize scratch formation on their surfaces in
terms of the dimension and shape. From a viewpoint of scratch resistance, coat layer surfaces were classified
into two types; plastic deformation type and brittle fracture type by the observation of LSM. In consideration
of the result of the needle scratch test in addition, scratches on cast coated paper for offset printing are of the
plastic deformation type, that is, mainly dents with large CSDA values; those for ink jet are of the brittle
fracture type, that is, dents with cracks and pile-up edges resulting from fracture.

To increase scratch resistance, it was suggested that surfaces of a coat layer should be dense enough for
deformation resistance and stiff enough for cracking resistance by decreased binder content. However, it is
difficult to modify coat layers for ink jet satisfactorily to requirements to absorb an aqueous ink jet ink
quickly for print quality. However, there would be some probable solutions. One is to use flexible binder
which will help decrease brittle fracture which begins to proceed with one small crack. Another is to modify
binder distribution so that binder becomes localized at a micro scale level and high strength domains are
distributed in a sheet adequately to prevent sequential facture generation.
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Scratch test Surface profile measurement

Deformation area

Fig. 1 Cross-sectional deformation area of a scratch

Table 1 Commercial cast-coated paper samples

Sample 1J-A 1J-B Pr-A Pr-B
Purpose Inkjet Printing Inkjet Printing Offset Printing Offset Printing
Pigment Silica Silica Kaolin, CaCO; Kaolin, CaCO;
Main Binder PVA PVA’ SB-latex” SB-latex’
Coating thickness (um) 12 24 20 20

75 ° Gloss(%) 86 66 92 86
Bekk smoothness (s) 60 80 230 70

*PVA and SB-latex denote poly-vinyl alcohol and Styrene-butadiene latex, respectively.
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(a) Plastic deformation type  (b) Mixed type (c) Fracture type
Fig. 2 LSM images of 3 different types of scratches on coating layers of
cast-coated inkjet paper
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Fig. 3 Correlation between deformation and load
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Fig. 4 SEM image of the 4 samples
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(a) IJ-A, 20mN scratch load

(c) Pr-A, 20mN scratch load (d) Pr-A, 100mN scratch load

Fig. 5 LSM images of scratches generated in scratch tests
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Fig. 6 Comparison in onset load of coating layer fracture
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Fig.7 Correlation between deformation rate and fracture onset load

Table 2 Results of printing test

Sample 1J-A Pr-A
Frequency of scratch occurrences 4 lines/sheet 9 lines/sheet
Cross-sectional deformation area (Ave.) 3um?2 10um?

Sample: Pr-A

Fig. 8 Topographic (left) and 3-dimensional (right) LSM images of scratched
surface after offset printing



