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Laser eco-printing technology for silk fabric patterns
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In this study, silk microstructures and the yellowing mechanism have been investigated to develop laser eco-printing
technology for silk patterns (SLEP). Carbonized microstructures are divided into bar-shaped clots and sludge materials with
small holes. The former are created by the initial pyrolysis (melting) of raw silk on the fabric surface; and the latter are the
combined result of the development of the former during in-depth printing. The chemical composition and structure of the
thermogravimetry/pyrolysis features of raw silk under different atmospheres have also been investigated. The yellowing
mechanism of silk after SLEP and the feasibility of SLEP are demonstrated by analyzing its thermogravimetry/pyrolysis
properties. Silk fabric patterns printed by SLEP exhibit yellow chromaticity with 10% lightness, and their boundaries are

clear and distinct.
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1 Introduction

The popularity of raw silk, a natural fibre often
referred to as the queen of fibres, is rivaled by man-
made, synthetic, and other functional fibres. However,
silk fabrics are still widely favored by consumers
because of their unique characteristics, such as their
elegance and excellent texture'™®. Many silk fabrics
have interesting or colorful designs that make them
beautiful and lively. To date, such patterns can be
created using methods such as hand painting, color
printing”®, spraying®*°, weaving'*?, or embroidery®.
Each of these methods has its own advantages. For
example, hand painting can produce unique, colorful
patterns, whereas weaving can produce highly
reproducible patterns at a high production speed.
However, the common feature of each method is the
need for dye—all of these methods require the dyeing
of raw silk or fabrics or the spraying of dye onto silk
fabrics. Therefore, the use of dye not only makes fibre
production processes more complex and costly but
also makes these processes more harmful to the
environment and even to human health** *°.

Recently, the researchers proposed an innovative
concept involving heat-induced eco-printing (HIEP)
on ordinary paper without the use of toner or ink'®*,
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This technology uses the yellowing discoloration of
plant fibres and eliminates the environmental
pollution caused by the ink used in the printing
industry®. By testing and analyzing the pyrolysis
volatiles of printing paper, they proved that the
volatiles produced after HIEP did not include any
carcinogens, and hence, HIEP was found to be an
environment friendly technology®%.

In this study, a new silk laser eco-printing (SLEP)
technology based on heat-induced inkless eco-printing
has been developed. This paper presents a
comprehensive exploration of the microstructure
produced by SLEP, its thermogravimetric
(TG)/pyrolysis properties, the yellowing discoloration
mechanism, and printing effects.

2 Materials and Methods

For printing of silk fabric patterns (color block) and
chromaticity measurement, laser ablation was
performed using a laser (maximum power of 30 W,
resolution of 0.025 mm), a high speed stepper motor
(maximum line speed of approximately 1 m/s), and
control software. The silk fabric used in this study
was plain crepe satin (68.9 g/m?, raw silk: 22.2-24.4
dtex). Preliminary experiments were performed
using six samples, three line speeds of printing
(300, 600, and 900 mm/s), and two different power
levels (Power 1 and Power 2). For each sample, five
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color blocks (3 mm width and 5 mm length) were
produced, and the lightness (L*) and chromaticity
(%, y) at two points on each color block were measured
using a color luminance meter (TOPCO, BM-5A). The
total sample capacity of each group was 10.

The microstructure of the aforementioned color
blocks was observed by an ultra plus field emission
scanning electron microscope (SEM, Carl Zeiss NTS
GmbH, Oberkochen, Germany).

TG and differential thermal analysis (DTA)
curves of the silk fabric were measured using an STA
409 P C/PG (NETZSCH, Germany) calorimeter in N,
and air at a heating rate of 10°C/min.

3 Results and Discussion

3.1 Microstructure Type and Formation Process

Figure 1 shows the microstructure of the color
blocks. The laser power used to produce the materials
on the left is lower than those on the right, and the
laser power and print speed increase from top to

SEM images of materials produced without heat-
induced printing, whereas Figs 2(c) and (d) show
partially magnified images of a typical carbonized
microstructure. Figure 1 clearly shows that the
carbonized microstructures after SLEP are similar to
those of sludge materials (star); there are many small
holes (circle) and bar-shaped clots (triangle).

While printing at low power [Fig 1 (a), (c) and (e)],
more intact fibres remain, as also shown for the two
samples printed at higher speeds [Figs 1(c) and (e),
wide arrow]. This result demonstrates that samples
are not easily carbonized when using a high printing
speed and short heating time. Figures 1(a), (c) and (e)
show the formation of sludge with many clots and the
interweaving of the fibres, whereas the right side of
Figs 1(b), (d) and (f) show the formation of sludge
materials, which are essentially integrated together to
form sludge materials with many small holes. This
result demonstrates that at the same speed, a higher
power leads to a higher degree of fibre carbonization
and the formation of more sludge material. The
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Fig. 1—Microstructures of the silk fabric after SLEP with different print speeds and laser power settings (a-f) [v—interspaces,
arrows—fibre, circle—small holes, triangle—clot material, and star—sludge]
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degree of carbonization is influenced more strongly
by power than by print speed [Figs 1(b), (d), and (f)].
In contrast, clots are primarily distributed over
samples treated with low laser power [Figs 1(c) and
(e)]. Cracks in sludge materials are not generated by
laser printing; they are generated by exogenic action
during the preservation process. The interspaces
among the clots [Figs 2(a),( c), and (e)] are not
generated by carbonization decomposition but by the
weaving of warp and weft yarn, as shown in the
structural images of the unprocessed silk [(Figs 2(a)
and (b)]. Therefore, the carbonization of silk fabric
under laser irradiation is presumed to occur as
follows. Firstly, the raw silk on the silk fabric surface
begins to soften and bulges to form clots. Then, as the
laser power or print time increases, degradation
occurs along the vertical and horizontal directions
until the sample finally becomes an even sludge
material with small holes.

—

Fig. 2—Silk fabric structure before laser printing (a, b), its
magnified image (b), and a typical carbonized microstructure after
SLEP at the different laser power settings (c, d) [the marks are the
same as in Fig. 1]
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3.2 Thermogravimetric/Pyrolysis Properties of Silk Fabric
and Influencing Factors

Figures 3a and b show the TG and DTA curves of
the silk fabric obtained in nitrogen and air,
respectively. Although the critical temperature, speed,
and rate of weight loss vary between the two different
environments, their TG curves can be divided into
five stages. Their temperature and weight loss at each
critical point (Cp I-4) are shown in Table 1. In stage I,
weight loss occurs slowly with a ratio of 7% due to
water evaporation® **. From stage 1l (with a critical
point of ~ 280°C) to stage V, weight loss occurs
rapidly [Fig. 3(a)] due to the pyrolysis of raw silk® %
This finding is consistent with the TG results reported
by Zhang for raw silk in nitrogen®” ?® (Table 1). This
consistency suggests that the critical points in the TG
curves are dominated by the composition and
structure of raw silk. Raw silk (mulberry silk) is
composed of eighteen amino acids® , that primarily
include glycine (43%), alanine (32%), serine (15%),
and tyrosine (12%)*. The remaining contents are
present in quantities of less than 2%, except for valine
(3%), and half of the other amino acids are present in
quantities of less than 1%. Amino acids themselves

Table 1—Temperature and mass loss shown by the main
peaks in the TG curves

Property Cpl Cp2 Cp3 Cp4
N, (by Zhang®)

Temp., °C 280 320 450 -
N,

Temp., °C 285 340 455 710
Mass loss, % 94 60 46 35
Air

Temp., °C 280 350 510 600
Mass loss, % 94 66 36 15

Cp1-Cp4 are the temperature and weight loss at each critical
point as shown in Fig. 3.
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Fig. 3—TG and DTA curves of silk fabric (a) nitrogen and (b) air
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are colorless crystals with melting points between
200°C and 300°C. Raw silk is a fibrous protein. The
eighteen amino acids that comprise raw silk form a
peptide chain (H chain) with a high molecular weight
and one to three peptide chains with a low molecular
weight. The H chain typically appears in the form of a
B-sheet or a-helical structure. Each amino acid in raw
silk is integrated into a chain formed by large
molecules with a melting point of ~ 300°C. However,
Fig. 3(a) shows the phenomenon of rapid weight loss
beyond ~ 280°C (Stages I1-V). Different weight loss
rates observed from the second stage to the fifth stage
are primarily dominated by the structural forms of
raw silk. Raw silk is comprised of a crystallization
region, a noncrystallization region, and a transition
region®. The crystallization region is primarily
composed of 3:2:1 ratio of glycine, alanine, and serine
with small side chains. The noncrystallization region
is composed of amino acids with large side chains or
polar radicals. The per cent crystallinity of raw silk is
40-50%. Therefore, the pyrolysis of raw silk in the
second stage could occur in the noncrystallization
region. Pyrolysis during crystallization differs from
that in the transition regions, based on the heating
atmosphere used. In nitrogen, a pyrolysis residue
content above 32% persists in the final material, even
in temperatures up to 800°C. However, in air, the
final material shows a residue content of less than 5%
when heated to temperatures below 650°C. This
phenomenon occurs because, as compared to a
nitrogen atmosphere, oxidation or hydrolysis
accompanies pyrolysis in air, which accelerates the
speed at which the critical temperature is reached as
well as the rate of weight loss (Table 1 and Fig. 3).
Therefore, the speed of pyrolysis and the weight loss
of raw silk are largely accelerated by a combination of
temperature and a high oxygen content.

3.3 Printing Effects and Yellowing and Discoloration
Mechanism

Figure 4(a) shows the lightness L* of each sample
together with the color blocks. Figure 4b shows
several printed samples. Figure 5 shows the
carbonized microstructure of raw silk near the print
boundary. Figure 4(a) shows that the L* values
ranged from 10 to 35 under the experimental
conditions and are approximately 10 at Power 2, i.e.
90% of black 0 (the L* value of full white is 100).
The chromaticity results show that the values of x
range from 0.42 to 0.44, whereas the values of y range
from 0.38 to 0.40 and are primarily distributed in the
range of yellow chromaticity without any large
fluctuations. Differences in the color blocks processed
at different powers are primarily due to different
lightness L* wvalues [Fig. 4(a)]. The carbonized
microstructure along the print boundary shows several
swollen fibres (Fig. 5), and the transition region from
the non-printed to the normally carbonized material is
extremely narrow. This effect is due to the small
diameter of the laser spot used and the concentration
of the laser energy at the printed points. Thus, good
printing effects are obtained under these experimental
conditions despite the disparity in chromaticity and
lightness values (Fig. 4) between the print samples.

As discussed above, the degree of weight loss and
pyrolysis (change in composition and structure) of
silk fabric vary due to different thermal effects and
the atmospheric conditions (Fig. 3). This result is due
to the use of a laser with a thin light beam and
concentrated energy and because the printing time is
extremely short (the duration of laser ablation was
less than 1 ms for each print point) with SLEP
technology. In other words, SLEP has features that
include a high concentration of energy and a short
heating time. Therefore, although the experiment was
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Fig. 4—Laser ablation conditions and printing effects (a) color blocks and their lightness L* values, and (b) printed samples
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Fig. 5—Carbonized microstructure of silk fabric on the lettered boundary after SLEP (a) Power 1 and (b) Power 2 [white dotted line
divides the print lines; the letter P denotes the printed side; the other marks are the same as in Fig. 1]

performed in air, a condition in which silk generally
undergoes oxidation and pyrolysis (pyrolysis), fibrous
proteins on the surface of the silk fabric that were
irradiated (printed) melted immediately (Fig. 1)
regardless of the composition or higher order structure
in the crystallization and non-crystallization regions
due to the high laser energy density. Even peptide
chains, composed of large molecules in raw silk fibres
formed by amino acids and all types of polar radicals
in amino acids, are directly destroyed. Moreover, as
expected, protein fibres are carbonized at high
temperatures. Hence, although there are differences in
both the parameters of the SLEP process and the
microstructure of the silk fabric after printing (Fig. 1),
the differences primarily concern the quantity (area
and depth) of the carbonized protein fibres and are not
essentially distinct, because the laser parameters used
in this study are determined based on preliminary
experiments. Thus, from a macroscopic view, good
printing effects are obtained even though there are
differences in lightness and chromaticity. For
example, the lightness values are approximately 10
under the three conditions involving high power. The
lightness value is near the O value of black, as high as
90%. In addition, analysis of the microstructures of
the silk fabric before and after printing (qualitative
analysis) indicates that carbonization occurs primarily
on the surfaces of the silk fabric (warp or weft) and
that the carbonization depth is approximately 1/10 -
1/4 of the fabric thickness (Fig. 5, estimated by visual
inspection). Therefore, silk fabric after SLEP should
be sufficiently strong for use. This result is consistent
with a visual assessment of the print samples.
Furthermore, the advantages of using SLEP are not
only the simplicity of the production processes but
also that it does not require dye materials.

Furthermore, as a consequence, environmental
pollution and the harm to psychological health from
its use are eliminated. Thus, SLEP technology
could become a new method for forming silk
fabric patterns.

Furthermore, yellowing is caused by the radical
oxidation of amino acids with aromatic nuclei in
fibroin or by the degradation of fibroin peptide chains.
Amino acids with aromatic nuclei ( yellow) are found
in the noncrystallization region. Amino acids that
undergo molecular chain breaking are primarily those
that occupy a large volume, such as tyrosine, valine,
praline, glutamic acid, and threonine®. As discussed
above, laser printing processes induce unique thermal
behaviors®. It is assumed that the molecular structures
in the proteins are directly damaged. However, because
the process is related to the mechanism of molecular
pyrolysis, for example, in terms of the strength of
thermal action during the printing process, the
decomposition process of fibres in silk fabric and its
environmental protection property affect the formation
of the final materials as well as yellowing and
discoloration. The optimization of SLEP parameters
should be the subject of further in-depth research.

4 Conclusion

41 The carbonized microstructures  obtained
following SLEP can be divided into bar-shaped clots
and sludge materials with small holes. The former are
generated by the initial melting of raw silk on the
surface of silk fabric; the latter are the combined
result of the development of the former along the
vertical and horizontal directions and integration
during in-depth printing.

4.2 The TG/pyrolysis properties of silk fabric under
different atmospheres have been investigated in terms
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of the chemical composition and structure of the raw
silk. In the TG curves, silk enters a rapid weight loss
stage beyond 280°C, and the appearance of a critical
point is determined by the composition and structure
of raw silk. The pyrolysis speed and extent of weight
loss are greatly affected by the heating time and
oxygen content. Therefore, printing effects can be
achieved by setting reasonable printing parameters.

4.3 Silk fabric patterns printed by SLEP exhibit
yellow chromaticity with 10% lightness, and their
boundaries are clear and distinct. Carbonization
primarily occurs on the surface of the silk fabric. Due
to the high density of the laser energy used, the
fibrous proteins of the irradiated silk fabric melt
immediately and carbonize at a high temperature
regardless of their chemical composition or higher-
order structures. Differences are observed in the
degree of carbonization of fibrous proteins under
different SLEP  parameters; however, these
differences are not essential distinctions and occur on
the surface of the silk fabric. Thus, good printing
effects can still be obtained. The technology is
feasible and is likely to be developed into a new
method for forming silk patterns.
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