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Abstract
In this study, multiple colors and deluster polyethylene terephthalate (PET) fabrics at 
one-time printing were obtained by different plasma treating times. Radio frequency 
(13.56 MHz) plasma was employed to selectively etch on deluster polyethylene terephtha-
late-titanium dioxide (PET-TiO2) fabrics, which improved the surface roughness and intro-
duced active groups.  TiO2 nanoparticles were exposed on the surface of the PET fabrics. 
The treated PET fabrics exhibited superhydrophilicity, as evidenced by the reduction of 
the water contact angle to zero degree (0°). A magnetic screen-printing machine was uti-
lized to apply a paste printing consisting of blue pigment, binder, and synthetic thickener. 
After plasma selective etching, the delusted PET fabric with exposed  TiO2 improved the 
printability. Moreover, this work provided a simple and eco-friendly method for different 
surface, physical, and chemical properties of the PET fabrics. The method also enhanced 
the color strength rate, washing, and rubbing fastness of the PET fabrics. Thus, the printing 
of organic component PET fabrics could be one step toward improving print qualities after 
plasma etching treatment.

Keywords Plasma selective etching · Delustered PET · TiO2 nanoparticles · Printability · 
Color fastness

Introduction

Textile fabrics are used for a wide variety of functions and applications [1]. As textile 
substrates, PET printing materials are the second-most popular kind [2]. PET fiber has a 
huge market share of over 80% and is the most popular, economical, and versatile syn-
thetic material worldwide due to its excellent wide range of mechanical, chemical, and 
thermal properties [3, 4]. Moreover, it has played an essential role in daily use. The tex-
tile garment industry uses it due to its flexibility, durability, high mechanical strength, 
low cost with high chemical resistance, highly hydrophobic, easy recycling, and so 
on [5]. However, the PET fabric’s molecular structure has lack of polar groups (-OH, 
-COOH, -NH2, etc.) on its polymer backbone, which have led to bad wear experience. 
Additionally, it is unable to interact with cationic or anionic dyes [6]. Unfortunately, 
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it is challenging to get fully shaded color, due to its intrinsically great refractive index 
(n = 1.725), which reflects a significant amount of light from the surface [7].

Due to poor adhesion and high hydrophobicity with a high water contact angle, i.e., 
dyeing, printing, and finishing are more challenging and complicated [8–10]. These 
deficiencies in the functional characteristics of PET fabrics have limited their further 
use [11, 12]. Hossain, M.A. et al. have investigated the surface characteristics modifica-
tion technique. The treatment of PET fibers for screen-printing is critical, and it repre-
sents an important role in printing media; for example, low surface energy and low sur-
face roughness lead to effects on the adhesion of coating materials. Due to the surface 
characteristics, PET fabrics are not consistent enough for printing, and thus, indicating 
low color yield in grand easy bleeding. Moreover, before printing, the surface character-
istics of PET fabric have not been changed significantly, as a result, the color strength 
and color fastness qualities of printed fabric are reduced [13]. Abou Elmaaty, T. et al. 
have studied one-step thermochromic pigment printing of 100% cotton and 50/50% (cot-
ton/polyester) blend. The results have indicated that the color fastness to washing and 
rubbing is excellent, the surface roughness is lower, the pigment particles are unable 
to disperse through fibers, and residual remained on the surface of the fibers. On the 
other hand, the paste printing absorption is significantly less on PET fabric, resulting 
in less K/S value (representing absorption) of printed fabric [14]. Besides, there are 
still concerns about obtaining durable printing quality, especially, about color fastness 
to washing, crocking, and light that cause colors to transfer to another cloth. To increase 
legal and environmental requirements for the chemical printing process, it is better to 
use light chemicals and low power exhaustion [15]. Moreover, it is needed to modify 
the fabric to reduce pollution, minimize damage, and improve the absorption quality of 
printing on the fabric [16–18].

Pransilp et al., have used plasma nano-modification of PET fabrics for pigment adhesion 
to functionalize the printed fabrics with durable printing quality and desired printing layer 
thickness, and the fabric surface characteristics and roughness have to exist to the used 
pigment paste material. Undoubtedly, there are several conventional techniques to fabri-
cate printable characteristics surfaces like dip-coating, chemical padding, and so on. Typi-
cally, they require hazardous chemical compounds and produce vast amounts of wastewater 
which are considered environmentally harmful [19–21]. Compared with traditional tech-
niques, plasma technology has many advantages of increasing surface functionality and 
cost-saving since it does not need to use of water or chemicals [22–24].

Plasma-etching treatment creates etching on fiber surfaces and increases active surface 
area on fibers [25]. It also helps to change the surface structure of fabric without impacting 
the bulk of the material [26]. In order to prevent any substantial harm from ion bombard-
ment, neutral atom rich plasmas with relatively moderate ion densities are preferred for the 
treatment of sensitive and heat-sensitive polymer materials. Potential energy interactions 
with the surface have a greater impact on neutral radical interactions with surfaces than 
kinetic energy interactions do. The entering plasma particle must have sufficient energy to 
pass the activation energy barrier for chemical reactions to interact with an exposed sur-
face. This can be managed by altering the discharge’s feed gas flow rate, gas composition, 
plasma power, and operating pressure, among other parameters. In addition, surface rough-
ness affects the coating adhesion and can be increased by plasma etching [27].

Elabid et  al. have modified the surface of PET fabric using the atmospheric pressure 
with  O2/Ar plasma treatment method to tailor the surface morphology, chemical structure, 
and enhance low-temperature dyeability through dispersing dyes. Interestingly, incorporat-
ing inorganic nanoparticles such as  TiO2 into the PET fabric matrix provides them with 
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some novel and unique properties [28]. Namely,  TiO2 nanoparticles have been used to 
improve the hydrophilicity properties of PET fabric [29].

In our previous study, it was observed that the selective etching of PET fibers (organic) 
by plasma treatment led to the exposure of  TiO2 particles (inorganic) on the fabric surface 
due to the disparity in etch rate between organic and inorganic components [4]. That pro-
cess resulted in the development of a rough, hydrophilic and durable surface of polyethyl-
ene terephthalate (PET) fabric, which was believed to enhance its printing performance. In 
the current study, a higher power supply and gas flow are employed to create a rough and 
hydrophilic surface, and the printing characteristics of PET with different plasma treatment 
times are investigated. By varying the treatment time, it is possible to achieve multiple 
colors in a single printing with plasma selective etching. Moreover, the paste printing with 
PET-TiO2 fabric surface has been extensively enhanced and provides better K/S values in 
printing.

Experimental

Materials

Argon and oxygen (99.99%) in plasma etching were supplied by Shanghai Cheng Gong 
Gas Industry Co. Ltd., China. Phthalocyanines  (C32H16CuN8) were purchased from 
Shanghai Silian pigment Co. Ltd., China. The plain weave pure PET fabric (weight of 
∼50 g  m−2), as well as two types of delustered PET fabrics with different percentages of 
 TiO2 nanoparticles, i.e., PET-TiO2-SL (< 0.5 wt%, weight ∼72.41 g   m−2) and PET-TiO2-
SH (< 2.0 wt%, weight ∼64.7 g  m−2) were provided from Hua Fang Co. Ltd., China. Pig-
ment Blue 15 was delivered from Zhejiang Longsheng Group Co. Ltd., China (Lonsen). 
Polyacrylic acid (Synthetic Thickening Agent) was purchased from Xianhua (Shanghai) 
Bio-Chemical Co. Ltd., China. Polyacrylate emulsion (binder agent) was purchased from 
Zhejiang Transfer Co. Ltd., China. The water utilized in experiments was deionized and 
distilled. Standard detergents were purchased from Shanghai White Cat Special Chemical 
Company and Shanghai Technical Supervision of Textile Industry, China. The chemical 
structure of phthalocyanine was shown in Fig. 1.

The fabric samples were washed in distilled water in an ultrasonic cleaner for 120 min at 
60 °C to minimize contamination, then taken out and dried in an oven at 70 °C for 1 h. The 
cleaned fabrics were cut into 25 × 25 cm dimensions for the experiment. The fabric sam-
ples were ironed to achieve a flat surface. It was essential to keep the PET fabrics stable in 
a screen-printing machine to print the fabric samples.

Plasma Treatment Process

The plasma etching treatment was described in detail in our previous work [4]. In order to 
transfer the design of DHU logo to the fabrics, the paperboard was used. The reactor was 
filled with oxygen (100 sccm), argon (10 sccm), and the working pressure was maintained 
at 300 mTorr. Deserved to be mentioned, etch rates typically increase with oxygen atom 
concentration in the plasma [30, 31]. The highest etch rates involved pure oxygen followed 
by air, nitrogen, and argon gases [32]. While, Ar plasma provide a more efficient energy 
transfer due to the heavy ions incident on the sample surface. Ar ions allow ion‐induced 
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chemical etching processes that can contribute to synergistic effects when  O2 is add [33]. 
The fabrics were treated at 400W power with different times (1, 4, and 7 min).

Screen‑Printing Process

Briefly, the pigment paste was prepared by 15 g of polyacrylate emulsion, 0.2 g of poly-
acrylic acid sodium salt, and 2.5 g of blue pigment dyeing solutions, and these were added 
into demineralized water of 32.3 g for a total recipe of 50 g. After that, an electric mixer 
was used to stir the mixture evenly and carefully until the heavy pigment paste phase was 
formed. In order to solidify the pigment paste, the paste printing was mixed by an electric 
mixer for 20 min under atmospheric pressure at room temperature. The paste printing was 
slurry, well homogenized, and applied to the fabric samples using in a screen-printing of 
70 mesh, a squeegee diameter of 12 mm. The screen-printing frame was made of nylon 
wire with a mesh density of 300 fibers per centimeter. The pigment printing process was 
achieved using a magnetic screen printing machine from (Zimmer, Austria) with a printing 
speed of about 32.3 mm/s. The pigment paste was sneaked through the screen mesh and 
carried to the fabric under a magnetic stick of Ø 63.6 mm. The pigmented fabrics were 
dried at 80 °C for 5 min and cured at 150  °C for 3 min in a temperature-controlled oven, as 
shown in Fig. 2. All the experiments were carried out using distilled water. The pigmented 
samples were assessed according to the standard test methods to decide whether the plasma 
treated fabrics were similar or improved, showing properties compared to untreated fabrics.

Fabric Characterizations

The surface morphology of samples was observed by using field emission scanning 
electron microscopy (FE-SEM, S-4800 Hitachi, Japan) and fitted with energy dis-
perses spectrometer (EDS). Surface morphologies of the samples before and after the 
plasma etching treatment were studied using atomic force microscopy (AFM, Agilent 

Fig. 1  The structure of C.I. Pig-
ment Blue 15 used in this work
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5500). The changes in the surface chemical composition of the fabrics were analyzed by 
X-ray photoelectron spectroscopy (XPS) measurements with a Kratos Axis Ultra DLD 
XPS (Thermo Fisher ESCALAB 250Xi, USA) using an Al K, X-rays radiation source 
(1253.6 eV). For XPS spectra processing, advantage software was employed to decon-
volve and analyze the C1s, O1s, and Ti2p peaks.

To investigate the connection of pigment adhesion to the wettability behavior of the 
samples, static water contact angles (WCAs) on the sample’s surfaces were measured 
by a DropMeter™ professional A-200 computer-video-processed goniometry (Haishu 
Maishi Testing Technology Co. Ltd., Ningbo, China) and sliding angle (S. A.). Distilled 
water (5 µl) was dropped on the surface of the fabrics and the water contact angles were 
read immediately.

The reflectance measurements of printing fabrics were measured using a Datacolor 
SP600 + Spectrophotometer (Datacolor Co. Lawrenceville, NJ, USA), and the measure-
ment wavelength range was from 360 to 700 nm. The color strength (K/S value) of the 
printed samples was calculated by the Kubelka–Munk Eq. (1).

where K/S is the ratio of absorption and scattering coefficient, and the reflectance (R) is 
determined at the wavelength from the highest absorbance of the used pigment color on 
printed fabric.

Measurement results were selected at the λmax. The color strength rate (I) was deter-
mined by Eq. (2).

where (K/S)A and (K/S)B are the color yield of the treated and untreated printed samples.
The color washing fastness was achieved in the SW-12A Tester (Wenzhou Darong 

Textile Instrument Co. Ltd., China) and according to the soaping test (ISO 105-
C10:2006) standard. The changing in the color of the printed fabrics (according to 
ISO105-A02:1993) and the staining (according to ISO 105-A03:1993) of the adjacent 
multifiber fabric (Multifiber D.W., adjacent fabric, BS ISO 105-F10:1989) were evalu-
ated using grey scales under the D65 standard light source. The rubbing fastness of 
the printed fabrics was evaluated with the Y571L rubbing and scrubbing color fastness 
tester, and the samples were rated according to ISO 105-X12-2001. The samples’ names 
and conditions used in the current study were listed in Table 1.

(1)K/S = (1 − R)2∕2R

(2)I =
{

(K/S)
A
− (K/S)

B
∕(K/S)

B

}

× 100%

Fig. 2  The schematic diagram of designing the pattern with plasma selective etching system and screen 
printing process on fabric surface
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Results and Discussion

Surface Morphology Analysis of the Samples

Figure  3a shows that the surface of the control PET fabric sample was smooth and 
free from roughness and particles. However, the surface of PET-7 fabric became rough 
with connected forming lines of humps and ridges because of Ar/O2 plasma-etching, as 
shown in Fig. 3b. The physical and chemical etching effects of active particles like ions 
and radicals in the Ar/O2 plasma etching onto the surface of the fabrics were respon-
sible for these results [34]. The control PET-TiO2-SL fabric had a smooth surface with 
fine nanoparticles, as shown in Fig. 3c. Meanwhile, a control PET-TiO2-SH fabric sur-
face was rough with a few sparsely distributed nanoparticles, as shown in Fig. 3e. After 
7 min plasma etching, the PET-TiO2-SL-7 fabric sample surface became rougher with 
deeply etching irregular pits, humps, and nanoparticles, as shown in Fig.  3d. Never-
theless, these irregular pits, nanoparticles, and humps were a larger size than those 
observed in the PET-TiO2-SH-7 fabric sample surface, as shown in Fig. 3f, which could 
be attributed to the  TiO2 nanoparticles protruding from the inner of the fiber to its outer 
surface.

Table 1  The sample names and conditions used in the experiment

SL with  TiO2 < 0.5 wt%, SH with  TiO2 < 2.0 wt% in the fabric

Treatment method Plasma etching

0 min 1 min 4 min 7 min

Samples name PET PET-1 PET-4 PET-7
PET-TiO2-SL PET-TiO2-SL-1 PET-TiO2-  SL-4 PET-TiO2-SL-7
PET-TiO2-SH PET-TiO2-SH-1 PET-TiO2-SH-4 PET-TiO2-SH-7

Fig. 3  The FE-SEM images of PET (a), PET-7 (b), PET-TiO2-SL (c), PET-TiO2-SL-7 (d), PET-TiO2-SH (e), 
and PET-TiO2-SH-7 (f); insets are their corresponding high magnified images
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The EDS spectra of the surface structures were measured and the relative surface 
atomic percentage of Ti, C, and O of samples are presented in Fig. 4. The EDS spectra 
of the untreated and treated PET fabrics are shown in Fig.  4a–d, where O and C ele-
ments were observed, however, Ti was not appeared. The Ti in the surface of PET-TiO2-
SL-7 fabric with a content of 2.88% was confirmed by EDS spectra in Fig. 4e. Interest-
ingly, the Ti element increased from 0.31% to 10.30% on PET-TiO2-SH-7 fabric surface, 
as shown in Fig.  4c–f. Ti element derived from  TiO2 nanoparticles in PET-TiO2-SL-7 
and PET-TiO2-SH-7 fabrics after the etching and bombardment processes of active 
plasma particles and the removal out of the organic PET thin layer was covered by  TiO2 
nanoparticles [35]. More Ti element atomic percentage indicated that more  TiO2 nano-
particles were exposed after plasma treatment as verified later through XPS. The plati-
num (Pt) element was produced by metallic sputtering for FE-SEM measurement.

Surface Topography (AFM Analysis)

AFM images of topographic modifications and surface roughness of the samples before 
and after plasma etching is shown in Fig.  5. As shown in Fig.  5a, the untreated PET 
pure surface showed a fairly smooth texture and flat surface with a roughness value of 
14.74 nm. In contrast, Fig. 5d presented the rougher surface with a small pit-like struc-
ture having a surface roughness of 28.6 nm for 7 min treatment. While the dull untreated 
PET-TiO2-SL fabric in Fig. 5b displays a relatively smooth surface with a few rides to 
the craters having a surface roughness of 14.38 nm. In contrast, Fig. 5e exhibits a pro-
gressive change in surface roughness with nano-sized particle protuberances having a 
surface roughness of 31.25 nm. Figure 5c shows untreated dull PET-TiO2-SH with small 
hills displaying a few rides to the pits, which directed surface roughness of 26.59 nm. 
However, following the plasma treatment for 7 min, in Fig. 5f, the surface of the fabrics 

Fig. 4  The EDS test of PET (a), PET-TiO2-SL (b), PET-TiO2-SH (c), PET-7 (d), PET-TiO2-SL-7 (e), and 
PET-TiO2-SH-7 (f)
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provided a broad and rough wavy after the exposition of the  TiO2 nanoparticles on a 
dull PET-TiO2-SH surface and the edges of the hill, thus, relatively increased the surface 
roughness to 53.4 nm.

The R. F. plasma generated an increase in surface roughness by removing organic com-
ponents from the PET-TiO2 samples; meanwhile, it introduced polar groups onto the sur-
face. At the same time, conspicuous  TiO2 nanoparticles were exposed on the PET fiber 
surface, significantly increasing surface roughness morphology [36]. In general, a rough 
surface provides more capacity for the fabric to capture paste and water, and also facilitate 
the penetration of paste inside the PET fabrics [10]. As a result, better surface energy, wet-
tability, and printability of the treated dull PET-TiO2 samples improved significantly.

Surface Chemical Composition

The XPS analysis scan results were used to investigate the chemical composition of the 
fabric surface samples. The high-resolution spectra of C1s, O1s, and Ti2p are shown in 
Figs. 6, 7, and 8. Proportions of C1s, O1s, and Ti2p of the samples are listed in Table 2. 
C1s deconvolution analysis of PET, PET-TiO2-SL, and PET-TiO2-SH are also shown in 
Fig. 6a–d, b–e, and c–f, respectively. Deconvolution analysis of C–C/C–H (284.89 eV), 

Fig. 5  Two- and three-dimensional AFM images of PET fabric (a), PET-TiO2-SL fabric (b), PET-TiO2-SH 
fabric (c), PET-7 fabric (d), PET-TiO2-SL-7 fabric (e), PET-TiO2-SH-7 fabric (f), and the roughness value 
(RMS) (g)
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C–O/COH (286.48  eV), and O–C=O/COOH (288.9  eV) with C1s was carried out by 
using XPS PEAK software for PET samples. Moreover, the C1s deconvolution peaks of 
PET-TiO2-SL were seen at C–C/C–H (284.88 eV), C–O/COH (286.4 eV), and O–C=O/
COOH (288.88  eV), respectively. Meanwhile, the C1s deconvolution peaks of PET-
TiO2-SH were noticed at C–C/C–H (284.88  eV), C–O/COH (286.4  eV), and O–C=O/
COOH (288.8 eV), correspondingly. After plasma treatment, the intensity of C–C/C–H 
bonding decreased, while the intensity of C–O and C=O functionality increased. This 
corresponded to the increase of O element atomic ratio in EDS and confirmed introduc-
tion of more polar oxygen groups like C–O, COH, O-C=O, and –COOH on the fabric 
surface after plasma treatment. The reactive plasma species assaulted the fabric’s sur-
face, breaking C=O, C–C, and C–H bonds; oxygen atoms/radicals interacted with car-
bon radicals, and forming oxygen groups on the surface [34].

Fig. 6  Deconvoluted XPS spectra of untreated fabrics (a) PET, (b) PET-TiO2-SL, (c) PET-TiO2-SH, and 
plasma-treated fabrics, (d) PET-7, (e) PET-TiO2-SL-7, (f) PET-TiO2-SH-7 fabrics for C1s, respectively
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O1s deconvolution analysis of PET, PET-TiO2-SL, and PET-TiO2-SH are shown in 
Fig. 7a–d, b–e, and c–f, respectively. The C1s deconvolution peaks of PET were appar-
ent at about 532.92 (C–O/COH) and 531.38  eV (O–C=O/COOH). Likewise, the O1s 
peaks of PET-TiO2-SL sample appeared at about 533.28 eV (C–O/COH) and 531.83 eV 
(O–C=O/COOH). While the O1s peaks of PET-TiO2-SH sample appeared at about 
533.35 eV (C–O/COH) and 531.9 eV (O–C=O/COOH). Moreover, a new peak of O1s of 
PET-TiO2-SL and PET-TiO2-SH samples appeared at about 530 eV (Ti–OH) [37]. After 
plasma treatment of 7 min, the atomic ratio of [O]/ [C] for untreated PET sample was 
found to be 31.40% and after treatment oxygen content increased to 61.10%. Besides, 
the atomic ratio of [O]/[C] for PET-TiO2-SL increased from 36.14 to 60.97%, and 27.35 
to 69.25% for PET-TiO2-SH, respectively, as listed in Table 2. These significant changes 

Fig. 7  Deconvoluted XPS spectra of untreated fabrics (a) PET, (b) PET-TiO2-SL, (c) PET-TiO2-SH, and 
plasma-treated fabrics, (d) PET-7, (e) PET-TiO2-SL-7, (f) PET-TiO2-SH-7 fabrics for O1s, respectively
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Fig. 8  Deconvoluted XPS spectra of untreated fabrics (a) PET, (b) PET-TiO2-SL, (c) PET-TiO2-SH, and 
plasma-treated fabrics, (d) PET-7, (e) PET-TiO2-SL-7, (f) PET-TiO2-SH-7 fabrics for Ti2p, respectively

Table 2  Atomic concentration of 
samples

Samples NAME Atomic concentration (%) Atomic ratio (%)

C1s O1s Ti2p [O]/[C] [Ti]/[C]

PET 76.1 23.9 – 31.40 –
PET-7 62.07 37.93 – 61.10 –
PET-TiO2-SL 73.45 26.55 – 36.14 –
PET-TiO2-SL-7 61.76 37.66 0.58 60.97 1.54
PET-TiO2-SH 78.52 21.48 – 27.35 –
PET-TiO2-SH-7 58.45 40.48 1.07 69.25 2.64



1266 Plasma Chemistry and Plasma Processing (2023) 43:1255–1275

1 3

in fiber content revealed that the fabric had been oxidized significantly due to the Ar/O2 
plasma treatment [34].

The XPS spectra of Ti2p peaks are shown in Fig. 8. There is no peak related to Ti 2p 
spectra in pure PET samples before and after plasma etching treatment. However, for the 
PET-TiO2-SL fabrics, there were two small deconvoluted peaks in the Ti2p region at 458.44 
 (Ti4+  2p3/2) and 464.47 eV  (Ti4+  2p1/2) after 7 min plasma treatment. The atomic concen-
tration of the Ti2p element increased to 1.54%. Moreover, after 7 min plasma treatment, 
the PET-TiO2-SH fabric showed two deconvolution peaks in the Ti 2p region at 458.7 eV 
 (Ti4+  2p3/2) and 464.3 eV  (Ti4+  2p1/2). The atomic concentration of the Ti2p element also 
increased to 2.64%.

The organic component of the dull PET-TiO2 fabrics shared a different etches rate to the 
 TiO2 particles, since it was easily removed, and the particles remained on the surface of the 
fibers [4].

Hydrophilicity: Water Contact Angle Analysis

The water contact angle measurements before and after plasma treatment were used to 
investigate the effects of plasma etching on the surface of fabrics, as shown in Fig. 9. The 
initial water contact angle values of the three untreated samples (PET, PET-TiO2-SL, and 
PET-TiO2-SH) were 138.3°, 134.3°, and 123.9°, respectively. Following the plasma treat-
ment at 1 min, the contact angle values decreases sharply from (138.3°, 134.3°, and 123.9°) 
to (30.3°, 20°, and 0°), respectively. With the increase of plasma treatment time at 4 min, 
the contact angle values of treated samples diminished rapidly to 0°. Likewise, the contact 
angle values of samples at 7 min plasma treated fabric declined to 0°.

Effect of Plasma‑Etching on the Coloration of Different Fabrics

Figure 10 shows the PET-TiO2-SL fabric samples after printing with different plasma treat-
ing time. The printing process was carried out using different treatment times of 1, 4, and 
7 min, respectively. Compared to treated samples, the color of original sample is the light-
est. Samples treated for 4 and 7 min have the darkest color. This indicates that the samples 
could be obtained with different colors by controlling the plasma treatment time.

As shown in Fig. 11, photos of the untreated and plasma-etched fabrics after 7 min of 
pigment paste application were obtained. The printed fabrics shows a significant differ-
ence in shade depth between the treated and untreated samples. Notably, the DHU design 
on the printed fabric samples exhibits a distinct shade depth color, which is an intriguing 
observation.

The surface morphologies of the printed samples were observed by FE-SEM, as shown 
in Fig. 12. Figure 12a shows that the surface of the printed PET-pure fabric is smooth, uni-
form, and homogeneous with pigment paste particles. However, the printed PET-4 fabric 
has a rough surface and some pigment paste particles on the surface, as shown in Fig. 12b. 
Figure 12c demonstrates that the surface of the printed PET-TiO2-SL fabric is rough with 
some particles on it. Compared to the printed PET-TiO2-SL, Fig. 12d exhibits that pigment 
paste particles formed on the surface layer of the printed PET-TiO2-SL-4 fabric, and it has a 
rough surface and big particles on it. Figure 12e shows some particles of the pigment paste 
observed on the printed PET-TiO2-SH surface, while the printed PET-TiO2-SH-4 fabric is 
rough with larger pigment paste particles on the surface fabric, as shown in Fig. 12f.



1267Plasma Chemistry and Plasma Processing (2023) 43:1255–1275 

1 3

EDS spectroscopy was used to detect the surface chemical elements of the samples, 
and Fig. 13 shows the weight percentage and relative surface atomic percentages of car-
bon (C), nitrogen (N), oxygen (O), and copper (Cu) on the outer surface of the samples 
as the major elements. This is due to the combination of two carbon-containing materi-
als, and the printed samples had substantially greater carbon element content. Cu and 
N elements are visible in the spectra of the printed fabrics, as they are part of the pig-
ment paste’s chemical characteristics. N and Cu elements were found on the surface of 
the fabric samples, indicating that the printing process is successful. The concentration 
of the Cu element appeared to be much higher on the PET-TiO2-SL-4 sample, with a 
weight ratio of 3.54% and an atomic ratio of 0.73% (Fig. 13d), whereas it is lower in the 
other printing samples. The higher weight ratio and atomic ratio of Cu indicates that the 
K/S values were increased on the outer surface of the PET-TiO2-SL-4 sample. Hence, 

Fig. 9  Water contact angles of untreated samples (a) and treated samples (b) 1  min, (c) 4  min, and (d) 
7 min of PET, PET-TiO2-SL, and PET-TiO2-SH samples, respectively
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Fig. 10  Photograph of a PET-
TiO2-SL fabric sample with 
one-time multiple color printing 
through different plasma etching 
time, respectively

Fig. 11  Photographs of printed fabric samples at 7 min of (a) PET, (b) PET-TiO2-SL, and (c) PET-TiO2-SH 
samples, respectively

Fig. 12  The FE-SEM test of printed fabric samples on PET, PET-TiO2-SL, and PET-TiO2-SH samples 
before (a, c, and e) and after (b, d, and f) 4 min plasma etching, respectively
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the FE-SEM and EDS results reveals the presence of a coating (pigment paste particles) 
on the surface of the printing samples, although the Ti element is mostly not detected.

The higher K/S result demonstrated a better color strength. The paste printing was 
carried out in 1 h after plasma treatments. Figure 14 indicates that Ar/O2 plasma influ-
ences the printing properties of fabrics.

Fig. 13  The EDS test of printed fabric samples on PET, PET-TiO2-SL, and PET-TiO2-SH samples before (a, 
c, and e) and after (b, d, and f) 4 min plasma etching, respectively

Fig. 14  K/S value and color strength percentage of samples
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The K/S values of all samples are increased by plasma treating for 1 and 4 min. How-
ever, 7 min plasma treating caused the K/S values decreasing for sample PET-TiO2-SL and 
PET-TiO2-SH. The color strength rate shows similar changes.

The surface roughness also played an important role for K/S value in the print process 
for its better absorbability to the pigment which size are among 0.5–2.5 µm. On the other 
hand, with increasing of treating time, more  TiO2 particles were exposed to the surface, it 
caused the light scattering and diffused surface reflection change which decreased the K/S 
values [38]. In summary, the higher concentration of  TiO2 reduces the K/S value of the 
PET fabrics. Therefore, this also explains the lower K/S values of PET-TiO2-SH samples 
with different plasma treating times than the PET-TiO2-SL samples in Fig. 14.

Fastness Properties: Color Strength (K/S Value)

Table 3 presents the rubbing and washing fastness of the samples using standard measure-
ment methods. Color fastness washing was evaluated for changes in color and staining on 
the multifiber fabric. The rubbing fastness of the samples was tested in both dry and wet 
conditions. Pure PET printed fabric shows a fair (3) rating for changing color, while the 
printed samples at 1, 4, and 7 min, respectively exhibits a fair to good washing fastness 
rating, ranging from (3–4) to (4), as listed in Table 3. In addition, the change in staining of 
neighboring fabrics (wool, acrylic, polyester, nylon, cotton, and acetate) is nearly the same 
for both untreated and treated printed PET fabrics. Correspondingly, the untreated PET-
TiO2-SL and untreated PET-TiO2-SH printed fabrics are rated as fairly good (3–4), while 
the samples printed at 1, 4, and 7 min shows a better rating of (4) for washing fastness.

Furthermore, all untreated and treated printed delustered PET fabrics exhibits better 
washing fastness before and after plasma etching treatment, with no change in staining 

Table 3  Color fastness properties of the printed samples with different plasma treatment times

Samples name Fastness properties

Washing fastness Rubbing 
fastness

Staining Alt Dry Wet

Wool Acrylic Polyester Nylon Cotton Acetate

PET-pure 4–5 4–5 4–5 4–5 4–5 5 3 2–3 2–3
PET-1 5 4–5 4–5 4–5 4 5 3–4 4 3–4
PET-4 4–5 5 4–5 4–5 4–5 5 3–4 3 3
PET-7 5 5 4–5 4–5 5 5 4 3 2–3
PET-TiO2-SL 5 5 5 5 4–5 5 3–4 3–4 3
PET-TiO2-SL-1 5 5 5 5 5 5 4 4–5 4–5
PET-TiO2-SL-4 5 5 5 5 5 5 4 4 3–4
PET-TiO2-SL-7 5 5 5 5 5 5 4 3–4 3
PET-TiO2-SH 5 5 5 5 4–5 5 3–4 3–4 3
PET-TiO2-SH-1 5 5 5 5 5 5 4 4–5 4
PET-TiO2-SH-4 5 5 5 5 5 5 4 3–4 3–4
PET-TiO2-SH-7 5 5 5 5 5 5 4 3–4 3
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of adjacent fabrics (wool, acrylic, polyester, nylon, cotton, and acetate). The dry rubbing 
fastness of all untreated and treated printing delustered PET fabrics ranged from (3–4) to 
(4–5), which is slightly better than the untreated and treated printing pure PET fabrics, 
ranging from (2–3) to (4). Similarly, the wet rubbing fastness of untreated and treated 
printing pure PET fabrics ranged from (2–3) to (3–4), which is noticeably lower than that 
of untreated and treated printing delustered PET fabrics that ranged from (3–4) to (4–5). 
These results indicates that paste printing had a positive impact on improving the fastness 
properties of treated printing delustered PET samples [39, 40].

Washing Durability of Samples

The durability of printed samples was assessed by subjecting them to four washing cycles. 
Figure  15 demonstrates that both untreated and treated printing samples exhibited a 
decrease in K/S values following the washing cycles. However, the untreated and treated 
printing samples on delustered PET fabrics demonstrates superior performance compared 
to those on pure PET fabrics after 2 and 4 washing cycles.

Figure  15a demonstrates a decrease in paste printing on the surfaces of treated pure 
PET print samples after undergoing 4 washing cycles. This suggests a lack of interaction 
between the paste printing and the surfaces of both untreated and treated pure PET fabrics.

The results are shown in Fig. 15b, c suggests that the color strength (K/S) of treated 
delustered PET prints remained strong even after 4 washing cycles. The pigment paste is 
still tightly loaded and bonded onto the printed fabric surfaces in this manner. The amount 
of  TiO2 particles on the surface has impact on color qualities, including dispersibility and 
high durability [41]. This might be attributed to the plasma etching treatment of delustered 
PET fabrics that enhanced the durability toward washing in the presence of  TiO2 and inter-
action with the pigment paste.

The Mechanism Proposed for Plasma Etching Treatment and Fabric Surface 
Printability

As shown in Fig.  16, a sequential interaction protocol is proposed to elucidate the sur-
face reaction mechanism of plasma selective etching system and screen printing process 
on PET-TiO2-SL fabric surface. Initially, due to the disparate etch rate between  TiO2 par-
ticles and PET fiber in  O2/Ar plasma, a rough surface was generated, providing greater 
surface area for paste printing molecules absorption. The ion bombardment in the plasma 

Fig. 15  Washing durability K/S values for printed PET-pure samples (a), printed PET-TiO2-SL samples (b), 
and printed PET-TiO2-SH samples (c) after 2 and 4 washing cycles
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brokes the chemical bonds on the fiber surface and strip off surface molecules, which is an 
efficient mechanism for surface etching of fibers [33, 42, 43]. Additionally, the C1s X-ray 
photoelectron spectroscopy (XPS) analysis reveals a substantial reduction in C–H content 
and a corresponding increase in –COOH, –C=O, or C–OH groups on the fiber surface. 
These changes contribute to the enhanced hydrophilicity of the surface [34]. The result 
indicates that some of the C–C bonds in polymer surface are broken by the plasma treat-
ments. Then the carbon radicals, formed by the abstraction of hydrogen atoms from the 
polymer chains, might combine with the oxygen atoms generated in plasma resulting in 
the formation of the oxygen-containing polar groups on the fabric surface [44]. The high-
energy electrons and photons generated in the plasma are considered to play a crucial role 
in this process [45]. Furthermore, the O1s XPS analysis indicates an increase in Ti–OH 
groups due to plasma treatment, which also contributes to the enhanced surface hydro-
philicity. In summary, the plasma etching treatment creates a rough surface with pores, 
fissures, and hydrophilic groups, facilitating the absorption of paste printing molecules and 
improving the printability of the PET-TiO2 fabric. As a result, the K/S values of the fabric 
are significantly increased.

Conclusion

This research work employed the  O2/Ar plasma etching process operating at 13.56 MHz to 
enhance the printability of PET fabrics for paste printing. The FE-SEM and AFM results 
indicates that PET-TiO2 samples exhibits higher roughness compared to pure PET, which 

Fig. 16  The proposed reaction mechanism of pigment paste printing with plasma exposing PET-TiO2 fabric
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is attributed to the differential etch rate between  TiO2 particles and the PET fiber. XPS 
analysis reveals an increase in the oxygen content on the fiber surface for both PET-pure 
and PET-TiO2 fabrics, resulting from the introduction of polar groups such as –COOH, 
–C=O, C–OH, and Ti–OH. Various surface, physical, and chemical properties could be 
achieved by varying the plasma treatment time to obtain multiple colors and luster in a sin-
gle printing process. Furthermore, the plasma-treated and printed PET-TiO2 matrix fabrics 
exhibits the improved washing and rubbing fastness compared to the untreated samples, 
highlighting the potential of these techniques for eco-friendly and effective printing pro-
duction. Overall, this research work findings demonstrated a novel approach for achieving 
multiple colors and luster with a one-time printing process.
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