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ABSTRACT 

EFFECTS OF GRAPHENE IN HIGH-DENSITY POLEYTHYLENE 

MICROFIBERS 

 

ASHISH LAL SIVADAS ANILAL 

 

Materials Science and Engineering  

 

The University of Texas at Arlington, 2022 

 

 

Thesis Advisor: Dr Michael Bozlar 

 

High-Density Polyethylene uniquely can induce banded spherulites as it is crystallized from its 

melt. We studied the effects of graphene in the crystallography of banded HDPE by examining 

parameters such as the extent of twisting, spherulitic growth, and nucleation density. The 

application of graphene as a multifunctional filler in polymer matrices is a great topic of interest 

because graphene at low concentrations can bring many improvements in mechanical, electrical, 

and thermal properties.  We synthesized graphene oxide by chemical oxidation of graphite and 

further studied its effects in the twisted crystallography of HDPE. Three batches of fibers were 

extruded: two batches with different concentrations of graphene and a neat HDPE for cross-

examination. The HDPE microfibers were produced using a twin-screw extruder/micro-

compounder. The fibers were analyzed using characterization techniques such as Polarized Optical 

Microscopy, Scanning Electron Microscopy and X-Ray Diffraction. 
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Chapter 1: Introduction 

 

1.1 Polyethylene  

 

Polyethylene (PE) is a thermoplastic polymer with variable crystallography and a vast 

spectrum of applications. Today, PE is one of the most popular and used plastic for 

commercial applications with tens of millions of productions across the globe. It is cost-

effective and can be found everywhere, from grocery stores to medical devices. PE 

accounts for 36% of the total polymer production followed by polypropylene.1  

PE falls under the polyolefin family with the chemical formula (C2H4)n.  It is synthesized 

by polymerizing ethylene gas.2 It has good processability, mechanical properties, 

commendable vapor barrier functions, gas barrier properties, and many more.3 PE can be 

classified in terms of molecular weight, branching, and crystal structure.4 It is further 

categorized into the following subdivisions.  

 

i. Low-Density Polyethylene (LDPE) 

LDPE is a hydrophilic polymer with exceptionally good strength and tensile 

properties.5 It also has an excellent tear, good impact strength, and stress-cracking 

resistance.6 LDPE has the most branching when compared to its counterparts.7 LDPE 

has the highest degree of branching with short and long chains.8 It was one of the 

primary polymers to emerge as a component for packaging in the early 1940s, with its 

highly branched crystallography, lower density, and good clarity.9,10 Figure 1.1.1 shows 

the morphology of the polymer chains in LDPE.  

 

 

                     Figure 1. Morphological Diagram of LDPE11 
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ii. Linear Low-Density Polyethylene (LLDPE) 

LLDPE has a denser structure compared to LDPE. It is a soft, flexible material with a 

haze in appearance.12 LLDPE has high degree of branching with short chains.8 It is also 

a hydrophilic polymer with high tensile, low bending stiffness, and other barrier 

properties.5,13  Like LDPE, LLDPE is also used as films, in the packaging industry, heat 

seal coatings considering the range of properties it exhibits.14 Figure 1.1.2 shows the 

morphological diagram of LLDPE. 

 

 

                           Figure 1.1.2 Morphological Diagram of LLDPE11 

 

iii. High-Density Polyethene (HDPE) 

HDPE is a linear addition polymer of ethylene synthesized at temperatures and 

pressures the same as LLDPE.12 It is the least branched polyethylene type with the 

reputation of being the engineering polymer. HDPE is the most preferred plastic for 

applications such as food packaging, bottles, and other commercial containers. Unlike 

LDPE and LLDPE the degree of branching is comparatively very low with very short 

chains. Due to its impact resistance, strength, and chemical resistance, it is also a 

suitable candidate for industrial chemical containers.15 Figure 1.1.4 shows a 

morphological diagram of HDPE.  

 

Figure 1.1.3 Morphological Diagram of HDPE11 

 

iv. Ultra High Molecular Weight Polyethylene (UHMW-PE) 

UHMW-PE is strong and light with exceptionally low density and its fiber composites 

are widely used in high-performance ballistic applications.16 It is extensively used for 

total joint replacements because it combines excellent wear resistance, strength, and 

biocompatibility.17 The UHMW-PE fibers, a kind of polyolefin fiber, are usually 



3 
 

synthesized by gel spinning.16 Figure 1.1.5 shows a morphological diagram of UHWM-

PE.  

 

Figure 1.1.4 Morphological diagram of UHMW-PE18 

Other types of Polyethene include Ultra Low weight Polyethylene (ULMW-PE), High-Density 

Cross-Linked Polyethylene (HDCL-PE), Cross-Linked Polyethylene, Very Low-Density 

Polyethene, and Chlorinated Polyethylene.11 In this research, we focus on exploring the 

twisting capabilities of HDPE. HDPE has exhibited twisting characteristics and not much study 

has been done concerning graphene incorporation and a banded HDPE crystal structure. These 

concepts will be discussed in the following chapters.  

We studied twisting with different weight percentages of graphene induced in HDPE 

microfibers. Details regarding the synthesis and results with twisting will be discussed in the 

forthcoming chapters.  
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1.2 High-Density Polyethylene (HDPE)  

 

As discussed earlier, HDPE is the most used engineering thermoplastic in today’s consumer 

products market. Its low cost and abundance in availability have led to continuous attempts for 

improvements through intensive research of HDPE to explore its flexibility. 

HDPE can be manufactured from translucent milk jugs to colored laundry containers. 

Compared to other polymers such as PET, HDPE is comparatively easier to recycle, and not 

degraded over multiple cycles of heat.19  

        

                                       Figure 1.2.1 Various HDPE Containers20 

HDPE composites have proven to find a wide range of applications such as electrical, 

mechanical, or biomedical. HDPE along with a fraction of additives have proven to enhance 

its properties. The mechanical and electrical properties, as well as the bio-response of HDPE, 

are proven to increase with the addition of inorganic particles.21,22 Numerous studies have 

previously attempted to investigate the effect of different nanoparticles in HDPE. 

Nanoparticles such as carbon nanotubes, modified and pristine montmorillonite, and SiO2 

particles were studied by Chrissafis et al23 to enhance the flame retardance and tensile strength 

character of HDPE.23,24 Whereas multi-walled Carbon Nanotubes additions have depicted an 

increase in thermal conductivity and stiffness.25,26,27 

Several studies have explored graphene nanoparticles as potential fillers and have exhibited a 

wide range of enhancements in terms of mechanical properties. It is wise to consider graphene 

as a filler to develop polyethylene composites. However, the quality of graphene matters and 

the procedure used to synthesize has a crucial role in terms of properties and many more such 

concerns. Graphene is often functionalized to make it more versatile with properties.  
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Figure 1.2.3 Transition Electron Microscopy Image of Graphene-HDPE composites28
 

Developing Graphene Oxide (GO)-HDPE composites comes with a lot of complex 

experimental challenges concerning the infusion of graphene in the polymer matrix, processing 

techniques, quantitative approximations, and many more. It is very crucial that these concepts 

are well understood and a design of experiments is developed to obtain desired properties in a 

composite. Graphene-HDPE composites have been previously developed using melt 

processing, where yield strength, impact strength, and elongation at break are improved.28 

 

1.3 Graphene 

Graphene is a single layer of hexagonally structured carbons with sp2 hybridization29,30 and 

has emerged to be one of the biggest scientific interests over the past decade. Graphene can be 

synthesized using chemical vapor deposition, chemical oxidation of natural graphite, or 

mechanical cleavage of graphite.31,32 Graphene can exist in three different structures: pristine 

graphene, graphene oxide, and reduced graphene oxide. All three forms have distinct properties 

and are applied very specifically for applications. In this research, we have synthesized 

graphene oxide following Hummer’s method with a few modifications.  
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The peculiar chemical and physical properties of graphene have paved the way in expanding 

horizons with its research. Graphene found its way into semiconductors, electronic devices, 

bio-medical applications composites, and countless more applications. Composites reinforced 

with graphene pave the way to a vast spectrum of electronic31,33,34, mechanical35,36, thermal37–

39, and many more applications. Various attempts have been made to reinforce graphene in 

polymer to synthesize superior composites and many have succeeded in doing it.  

 

         

Figure 1.3.1 Scanning Electron Microscopy of GO40. 

Exploring graphene can be interesting, recently, Herrero et al. from the Massachusetts Institute 

of Technology discovered superconductivity in graphene by introducing a magic angle twist 

over two sheets of graphene.41 It was further incorporated into a device to further study. 

Graphene has over proved to be one of the best fillers for polymer composites over the years 

indeed surprising how small portions of graphene can bring an exponential change to some of 

the polymer matrices. These enhancements can depend on how graphene is dispersed inside 

the polymers. Previous research has proven that graphene incorporations in polymer 

composites have successfully improved electrical conductivity42,43, mechanical properties18, 

gas permeation44,45, thermal stability18,46,47, and many more.  

In this research, we reinforce graphene oxide with high-density polyethylene to further study 

the crystallographic changes influenced by different graphene concentrations. 
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1.4 Banding  

 

Banding can be defined as the presence of twisted crystallography in a semicrystalline 

polymer. In other words, it is also a phenomenon by which the spherulites adapsts a preferencial 

circular arrangement when a semi-crytalline polymer crystallizes from melting temperature. 

The twisted crystallography denotes a concentric spherulitic arrangement about the radii.48 The 

chain-folded lamellae in growth directions have a characteristic rotation by the radii, leading 

to the formation of concentric circles. These concentric circles can be viewed under a Polarized 

Optical Microscope (Refer to Figure 1.4.2). The spherulitic crsyatllization takes place when (a) 

the melt crystallizes with a fibrous habit and (b) the lamellar structures undergo 

noncrystallograohic branching in a spehrulite.49 and  Figure 1.4.1 shows twisting in a 

semicrystalline polymer.  

     

Figure 1.4.1 Twisting in a semicrystalline polymer50 

 

Banding was introduced by Keith and Padden during the late 1950s.51  Keith stated that the 

systems that induce twisting often have difficulties to undergo homogenous nucleation in the 

melt.49 By far, it has been discovered that PE has a unique capability to adapt twisting for its 

chain macromolecules.52 It became an area of interest in the early 1950s when PE was still 

considered a wonder material. There is also a bit of uncertainty in terms of radial growth of 

spherulites and its orgin.53–55  
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Figure 1.4.2 Twisted spherulites in PE52 

 

Figure 1.4.3 Twisted spherulites stack observed using a Polarized Optical Microscope  

 

However, not much in detail has been studied or researched about twisting GO-HDPE 

composites. The literature on this particular topic is also very scarce. This was the major 

motivation for our research, we wanted to study how graphene incorporations can 

change/modify the crystallography of HDPE. In the following chapters, we discuss on how we 

synthesized GO-HDPE microfibers and induced twisting.  
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Chapter 2: Synthesis of Graphene Oxide High-Density Polyethylene 

Microfibers (GO-HDPE) 

 

2.1 Methodology 

The GO-HDPE microfibers are synthesized using an MC5 Xplore twin-screw extruder 

or a micro-compounder with a Fiber Line Winder Setup. The HDPE pellets are fed into the 

extruder and extruded with optimal processing parameters. Once the fibers are extruded, 

they are stretched to the winder and pulled at a constant speed.  

2.1.1 Extruder  

The MC5 twin-screw extruder is a vertical extruder with a capacity of 5 ml volume 

capacity and manufactured by Xplore Instruments56. For this research, the HDPE pellets 

with a melt flow index of 12g/10min (190 C under a 2.16 Kg load) are introduced into the 

barrel of the extruder using a hopper.  

Proper control over temperature and screw speed is very crucial for a successful extrusion. 

The heating zones in the barrel give good control over temperature, whereas the twin screws 

provide sufficient torque that contributes to a homogenous mixture of pellets and graphene 

oxide. The mechanical shear and the thermal energy are responsible for the good mixture 

of HDPE pellets and GO57. The extruder has two sets of dies of dimensions of 0.5 mm and 

2 mm. These dies can be used to extrude different thicknesses of fibers as per requirement.  

2.1.2 Fiber Winder  

The fiber winder is set up in conjunction with the twin screw extruder. The main 

purpose of the winder is to stretch and elongate the fiber composites extruded. The winder 

is very crucial in terms of the diameter and length of the fiber, the winding speed and the 

torque set in the winder decide these factors. The winder unit is also equipped with air 

cooling for proper function.  
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                  Figure 2.1.1 Xplore Twin Screw Extruder 

       

           Figure 2.1.2 Xplore Fiber Winder 
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2.2 Synthesis 

Two batches of GO-HDPE fibers were extruded with different weight percentages of 

GO along with a batch of neat HDPE fibers. The following parameters were followed for 

the extrusion process.  

Table 2.1.1 Extrusion Parameters 

Parameters Value 

Operating temperature 140⁰ C 

Operating RPM 80 

Force generated during processing 900 N 

Extruding RPM 50 

Winder Speed 13.5 mm/min 

Torque 30 

 

Table 2.1.2 Batches of fibers produced 

Sample wt. % GO Average Diameter 

(µm) 

Neat  0 49 ± 2 

GO-HDPE  0.0025 50 ± 2 

GO-HDPE  0.0050 50 ± 2 

 

 

Figure 2.1.3 Neat HDPE Fiber 
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Chapter 3: Characterization of the Microfibers 

3.1 Polarized Optical Microscope Images 

The Optical Microscope utilizes visible light followed by a system of lenses to magnify 

samples.58 These microscopes have evolved over the years and are more complex in 

architecture. They help researchers view micron-range structures, investigate surface profiles, 

and even concentrate on a cross-section desired.59 To use an optical microscope efficiently one 

should understand concepts such as magnification, resolution, numerical aperture, illumination 

and focusing very well. To characterize the HDPE fiber composites, a polarizing filter was 

attcahed to the optical microscope. A Zeiss Axioscope 5 Optical Microscope was used to 

characterise the fibers (refer to figure 4.1.1). This microscope comes with N-Achroplan 10x, 

40x, and 100x objective lenses. The microscope is equipped with an Abbe condenser 

0.9/1.25NA and uses a 10W transmitted white LED for illuminations. The microscope also 

comes with an Axiom 209 colour microscope camera capable of generating images at 4k 

resolution.60  

 

Figure 3.1.1 Zeiss Axioscpe 5 Optical Microscope 

The HDPE fibers were held in between the cross polarizers of the Polarized Optical 

Microscope. The fibers were observed in parallel, at a 45 ⁰ rotated angle, and perpendicular to 
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the analyzer. When the fibers are rotated at 45⁰, the fibers appear brighter. The GO-HDPE 

composite fibers (0.0025 wt. % and 0.005 wt.%) exhibit strong birefringence. The 

birefringence also states that the HDPE crystals adopt a preferential orientation along the long 

axis of fibers.61 These could also be due to the directional shear forces during the extrusion 

process. The images of the fibers characterized are given below. 

a) Neat HDPE 

 

 

Figure 3.1.2 Neat HDPE Fibers at 45⁰ 

 

 

Figure 3.1.3 Neat HDPE Fibers at perpendicular orientation 

 

 

 

 

 

 

 

25 μm 

25 μm 
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b) HDPE + 0.0025 wt.% GO 

 

              

            Figure 3.1.4 HDPE + 0.0025 wt.% GO fiber at 45 ⁰ 

 

 

               Figure 3.1.5 HDPE + 0.0025 wt.% GO fiber in perpendicular orientation 

 

 

 

 

 

25 μm 

25 μm 
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c) HDPE + 0.005 wt.% GO 

 

 

Figure 3.1.6  HDPE + 0.005 wt.% GO fiber at 45 

 

 

Figure 3.1.7  HDPE + 0.005 wt.% GO fiber in perpendicular orientation 

 

 

When the fibers are rotated at 45⁰, the fibers appear brighter. The GO-HDPE composite fibers 

(0.0025 wt. % and 0.005 wt.%) exhibit strong birefringence. The birefringence also states that 

the HDPE crystals adopt a preferential orientation along the long axis of fibers.61 These could 

also be due to the directional shear forces expereinced uring the extrusion process. 

 

 

25 μm 

25 μm 
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Recrystallization  

The fibers did not depict any evidence of twisting when observed with an optical 

microscope right after extrusion. Therefore, we decided to recrystallize the fibers between 220 

and 110⁰ C to form thick films down to approximately 5µm. Firstly, the fibers were held in 

between two glass slides and heated to a temperature of 220 ⁰C for 60 seconds and pressure 

was applied to the samples to spread the melt. The film sandwiches between the glass slides 

were quickly cooled at a temperature of 110 ⁰C for five seconds followed by cooling at room 

temperature.  

Table 3.1 Recrystallization Parameters 

Parameters Value 

Melting Temperature  220 ⁰C 

Melting Time  60 seconds 

Quenching Temperature 110 ⁰C 

Quenching Time 5 seconds 

Film Thickness 5 µm 
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a) Neat HDPE Fiber 

 

 

                                                        Figure 3.2.1 POM Images of Neat HDPE Fibers 

 

 

 

Figure 3.2.2 Magnified POM Images of Neat HDPE Fibers 

 

 

50 μm 

20 μm 
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b) HDPE + 0.0025 wt.% GO  

 

 

                                                                              Figure 3.2.3 POM Image of HDPE + 0.0025 wt.% GO 

 

 

Figure 3.2.4 Magnified POM Image of HDPE + 0.0025 wt.% G 

 

  

50 μm 

20 μm 
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c) HDPE + 0.0005 wt.% GO 

 

 

                                                                             Figure 3.2.5 POM image of HDPE + 0.0005 wt.% GO 

 

 

 

Figure 3.2.6 POM image of HDPE + 0.0005 wt.% GO 

50 μm 

20 μm 
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Neat HDPE fibers 

                                     

                                                              HDPE + 0.0025 wt.% GO 

                                      

                                                             HDPE + 0.005 WT.% GO 

Figure 3.2.7 Comparison of three batches  

 

10 μm 

10 μm 

10 μm 
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Figure 3.2.4 compares the three batches and helps us in identifying the batch with the 

most twisting and the one with least.  

The neat HDPE fibers, after recrystallization, shows good evidence of crystal twisting with 

good nucleation density. From Figure 3.2.1, the densely packed spherulitic arrangement is 

evident and indicates extensive twisting. In the case of HDPE + 0.005 wt.% GO it has been 

observed that the extent of twisting has been lower (Refer to Figure 3.2.2), and the spherulitic 

arrangement is lesser dense than HDPE + 0.0025 wt.% GO and the nucleation density is 

comparatively smaller.  This is possibly due to the higher incorporations of GO. In HDPE + 

0.0025 wt.% GO, we could observe better nucleation density, spherulitic arrangement and a 

good extent of twisting.                     

It has been observed that the incorporations of GO have influenced the nucleation density of 

the GO-HDPE fibers where the increased loading of GO exhibits a hindrance in nucleation 

density but may or may not interfere with crystal twisting. In the case of the GO-HDPE fiber 

composites with 0.005wt.% GO (refer to Figure 3.2.3), the nucleation density, and spherulitic 

intensity can be observed to be lesser with an average spherulite size of 25µm than the case of 

0.0025 wt.% GO (refer to Figure 3.2.2). These images stand as evidence for the observation 

related to the GO loading and nucleation in HDPE61. 

 

3.3 X-RAY DIFFRACTION 

XRD is a powerful analytical technique to investigate the atomic structures of solid 

materials. XRD spectroscopy is widely used for understanding phase identification, crystal size 

and many more.62,63 XRD works on the basic principles of Bragg’s Law (Refer to Equation 1) 

where the incident X-ray with an angle of incidence ‘ϴ’ on a crystal surface produces the same 

angle of scattering ‘ϴ’. When ‘d’, the path difference is equal to a constant ‘n’, a constructive 

intereference occurs.64,65  

                                                  𝑛(𝜆) = 2𝑑𝑠𝑖𝑛(𝛳)                                   (1)

    

An X-ray instrument contains three main components: an X-ray source, a sample holder and 

an XRD detector66. XRD is usually very quick with producing results and accurate with 

identifying unknown materials. For our study, we used a Philips Panalytical X’Pert XRD to 

analyse the thin films after recrystallization.  
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Figure 3.3.1 Philips Pananalytical XRD67 

Following are the results of the analysis performed for the two GO-HDPE fiber composites 

(0.0025 and 0.005 wt. % GO).  

 

a) HDPE + 0.0025 wt. % GO      

 

Figure 3.3.2 2D X-ray Diffraction Pattern for HDPE + 0.0025 wt.% GO at a scale of intensity per hundred counts 
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Figure 3.3.3 X-ray peaks for HDPE + 0.0025 wt. % GO 

 

b)   HDPE + 0.005 wt. % GO 

 

Figure 3.3.4 2D X-ray Diffraction Pattern for HDPE + 0.005 wt.% GO at a scale of intensity per hundred counts  

 



24 
 

 

Figure 3.3.5 X-ray peaks for  HDPE + 0.005 wt.% GO 

The XRD results suggest that the x-ray intensity is observed to be twice in HDPE + 0.0025 

wt.% GO than HDPE + 0.005 wt.% GO (Refer to Figures 3.3.4 and 3.3.2). The diffractions 

patterns are analyzed at scale of intensity per 100 hundred counts.  This is possible because of 

the denser spherulitic concentration in the HDPE + 0.0025 wt.% GO and the stronger 

interference of GO and HDPE. With a higher concentration of GO in HDPE + 0.005 wt.% GO 

fibers, there has been a hindrance in the nucleation which has had an impact on spherulitic 

growth. The peaks from the above graphs also aligns well with the literature reviewed. Sharp 

rings indexed to planes (110), (200), and (020) are strongly evident for both the GO-HDPE 

fiber composites.   

 

3.4 Scanning Electron Microscopy 

A Scanning Electron Microscope (SEM) is an accurate imaging technique to understand 

and investigate a sample’s composition and topography. SEM uses a stream of electrons over 

the surface of a sample to produce a highly magnified image.68 An electron gun is used to 

produce a beam of electrons which concentrates on the sample, followed by ejections of 

secondary electrons from the sample.69 Detectors collect these outputs and transfer signals 

which further create a magnified image. SEM can be used to investigate the sample’s 

composition and topography in detail.  
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Figure 3.4.1 Hitachi SEM70 

We have used a HITACHI Scanning Electron Microscope SU3800 to analyze the HDPE + 

0.0025 wt. % GO fiber composite. The SEM comes with a secondary electron resolution of 

15.0 nm and 4.0 nm in the backscattered electron resolution.70  

 

Figure 3.4.2 Scanning Electron Microscopy Image of HDPE + 0.0025 wt.% GO fiber composite 

 

2 μm 
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Figure 3.4.3 Scanning Electron Microscopy Images of Face-on and Edge-on orientation in HDPE+ 0.0025 

wt.% GO 

SEM images suggest that there are alternating face-on and edge-on orientations of lamellae as 

they twist. This orientation has its origin in the process of recrystallization of the fibers at 

temperatures above the melting point. Figure 4.4.2 also indicates a certain definite flow which 

proves there has been good homogenous mixing of GO with the pellets. 

 

 

 

 

 

 

 

 

 

 

 

1 μm 
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Conclusion 

 

 Two batches of GO-HDPE and neat HDPE fibers were produced in the range of 40-50 

microns using a twin-screw extruder after carefully deducing optimal extrusion parameters. 

The fibers were twisted by recrystallizing them into thick films by holding the fibers holding 

it between glass slides at 220⁰ C and 110⁰ C. The films were later cooled to room temperature.  

The three samples; neat HDPE fibers, HDPE + 0.0025 wt.% GO and HDPE + 0.005 wt.% GO 

was characterized using Polarized Optical Microscope, X-ray Diffraction and Scanning 

Electron Microscopy. Twisting was very evident from the images from Polarized Optical 

Microscope; however, the extent of twisting seems to hinder higher incorporations of GO. 

Sample HDPE + 0.005 wt.% GO exhibited a lower concentration of lamellae and spherulitic 

growth when compared with HDPE + 0.0025 wt.% GO. Increasing the concentration of GO 

might influence nucleation growth.  

The samples HDPE + 0.0025 wt.% GO and HDPE + 0.005 wt.% GO was examined under 

XRD. X-Ray Diffraction spectroscopy analysis confirms that the HDPE + 0.0025 wt.% GO 

fiber composite seems to have a higher intensity of lamellae packing than that of HDPE + 0.005 

wt.% GO.  

Scanning electron microscopy imaging was performed for HDPE + 0.0025 wt.% GO suggests 

that there is a presence of alternating bands of edge-on and face-on orientation of lamellae 

present in the fiber composite. These orientations have originated due to the influence of 

variance of temperature during the recrystallization process.  

It is concluded that higher GO incorporations have an influence on spherulitic growth which 

slows the nucleation. However, the results also suggest that the fibers could find their 

application in the design of multifunctional composites such as flexible composites.  

This work was published and presented at the American Society for Composites (ASC) 37th 

Annual Technical Conference held at the University of Arizona in September 2022.  
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