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Abstract
[bookmark: _Hlk69556534]Fused filament fabrication (FFF) is one of the most widely used additive manufacturing processes in the market. It is based on material extrusion and utilises thermoplastic materials to manufacture bespoke products. The process is extremely popular due to its ease of operation and variety of available materials. To enhance the mechanical performance of parts made by FFF, reinforcements including nanoparticles, short or continuous fibers and other additives have been added to commonly used thermoplastics such as acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). Such new materials require optimization of process parameters to achieve the desired results. One such parameter is the material extrusion rate that can result in under or over extrusion leading to a variety of applications. In this study, PLA and HDPlas® PLA-GNP-A (PLA reinforced with functionalized graphene nanoplatelets) have been used to investigate the effects of material extrusion rate. An extensive comparative analysis has been provided where parts have been manufactured using a desktop 3D printer with the two materials at four extrusion temperatures (180 °C, 190 °C, 200 °C and 210 °C) and ten different extrusion rates (ranging from 70% to 160%). The study aims to evaluate the effects of extrusion temperatures and material extrusion rates on mass, dimensional accuracy, surface texture and mechanical properties of the two materials. Microstructural analysis has also been carried out to evaluate the surfaces of parts after manufacture as well as their fractured surfaces after mechanical testing to determine the impact of extrusion rate on failure modes. The results have shown that the graphene reinforced PLA material is affected more adversely by changes in material extrusion rate compared to PLA. This work provides a good comparison between two materials manufactured at four different extrusion temperatures and how the material extrusion rate can be leveraged to achieve optimal surface finish and mechanical strength.   
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1. Introduction
Additive manufacturing (AM) technologies date back to the 1980s and have become extremely prominent in the recent years due to their advantages including design freedom, cost-effectiveness, reduced waste and lead time, parts consolidation, design-driven approach leading to mass customisation and multi-scale structure design [1-7]. A wide variety of materials (e.g., metals, polymers, ceramics) in different forms (e.g., powder, sheet, filament) are available to be used with these AM technologies to manufacture highly complex and bespoke products [8, 9]. Among the different AM techniques, fused filament fabrication (FFF) is a widely used method and is based on the principle of material extrusion. It manufactures products using thermoplastics that are extruded out of a nozzle above their melting temperatures and solidify rapidly when deposited on a surface [10, 11]. Two of the most used materials for FFF are acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA). They have been widely investigated and used for a variety of different applications [12, 13]. Despite the notable advantages, parts made by FFF suffer from poor mechanical characteristics, limiting their broader adaption for end-use, fully functional and load bearing components [14, 15]. However, careful selection and subsequent optimization of different process parameters (e.g., build orientation, layer thickness, infill pattern/percentage, nozzle/bed temperature, printing speed) of the 3D printer can help to achieve the desired properties in a product. Chacón, et al., [16] studied the effects of build orientation, layer thickness and feed rate on the mechanical performance of PLA samples and provided printing guidelines to achieve desired results in terms of strength, stiffness, and ductility. Similarly, Gonabadi, et al., [17] investigated the effects of build orientation and infill pattern/density for PLA and proposed a constitutive model derived from the laminate plate theory that can help in choosing process parameters to maximise performance for a given design. Wu, et al., [18] used the orthogonal experimental design method to evaluate the influence of the layer thickness, raster angle, deformation temperature and recovery temperature on the shape-recovery ratio and maximum shape-recovery rate of PLA. They found that the shape-memory effect of PLA parts depended strongly on recovery temperature and depended more weakly on the deformation temperature and printing parameters. 
Even though optimization of process parameters can help in manufacturing products with desired properties, efforts are continuously being made to enhance the properties of the commonly used thermoplastics through the incorporation of particles, fibers or nanomaterial reinforcements. Various reinforcements, such as glass fibers [19], continuous carbon fiber [20] and basalt fiber [21], have been used to enhance the mechanical properties of PLA with success. Graphene nanoplatelets (GNP) have also joined the growing list of additives to PLA. Graphene is a wonder material with a myriad of excellent properties that make it an attractive candidate for the reinforcement [22]. Caminero, et al., [23] studied the effects of GNP reinforcement on the mechanical properties, dimensional accuracy and surface texture of PLA parts and highlighted the need for optimisation of process parameters for such materials to achieve the desired mechanical behaviour of 3D printed composites. 
With a variety of different process parameters, is difficult to optimise all of them and this is the reason why the default values set by software packages for different materials are used. However, no two materials are created equal. For example, PLA from one vendor might not give the same results as PLA purchased from a different vendor. The default process parameter values for a given material do not ensure the optimal result and hence require optimisation. Amid the common process parameters, one often overlooked parameter is the material extrusion rate. It is also referred to as the extrusion multiplier or flow rate or simply flow (expressed in percentage). It specifies the rate at which the printer will extrude the material. A flow rate of 100% is typically utilised to avoid issues of under extrusion (gaps/voids between layers) and over extrusion (accumulation of extra material). These common issues can lead to defective products with undesired low modulus, low toughness, and poor surface finish. Therefore, research studies are focused on identifying under/over extruded parts and limited literature is available to leverage the material extrusion rate for optimal results. For example, Tanikella, et al., [24] developed a two-step screening process (visual inspection for under extrusion followed by mass measurement) to detect under extruded parts that can help in assisting low-cost open-source 3D printers expand their range of object production to functional parts. Jin, et al., [25] developed a real-time monitoring and autonomous correction system capable of automatically changing the printing parameters upon detecting under or over extrusion images. On the other hand, Forman, et al., [26] leveraged under extrusion to quickly print thin and flexible textiles called DefeXtiles using an unmodified 3D printer. They also explored the possibility of their approach being used for fashion design prototyping, interactive objects, aesthetic patterning, and single-print actuators. These examples show that controlling the material extrusion rate is important for different applications and can be leveraged to achieve desired results.  
The literature clearly highlights the need for process parameters optimization, importance of polymer composites and limited research on leveraging extrusion temperatures and material extrusion rates for optimal results such as surface finish and mechanical strength. This study aims to investigate the effects of four different extrusion temperatures and ten extrusion rates on two materials (PLA and graphene enhanced PLA) manufactured using a desktop 3D printer. The next section (Section 2) details the materials and methods utilised in this study with particular emphasis on specimen preparation, the 3D printing process, and the testing procedures. An extensive comparative analysis is presented in Section 3 discussing the effects of extrusion temperatures and material extrusion rates on mass, dimensional accuracy, surface texture and mechanical properties of the two materials. Finally, material quality characterisation and conclusions of this work are outlined in Sections 4 and 5, respectively.
2. Materials and Methods
2.1. [bookmark: _Hlk68477811] Materials and 3D printer 
Anet® ET4 Pro (from Shenzen Anet Technology Company Limited, Hong Kong) desktop 3D printer was used to manufacture specimens according to British and International standards. The low-cost 3D printer had a build volume of 220 mm x 220 mm x 250 mm (X × Y × Z) and an extruder nozzle diameter of 0.4 mm. PrimaValue™ PLA (from Prima Creator, Sweden) [27] and HDPlas® PLA-GNP-A (from 3D Haydale Ltd., UK) [28] were used to manufacture specimens to analyze the effects of extrusion temperatures and materiel extrusion rates. From here onwards, these materials will be referred to as PLA and GPLA, respectively. PLA is a strong material that is easy to print with no unpleasant smell or hazardous fumes. It is also warp-free and provides good interlayer adhesion. On the other hand, GPLA includes HDPlas® functionalized graphene nanoplatelets of a planar size between 0.3–5 μm to improve dispersion and bonding within the PLA polymer. It provides the material with improved operating temperature performance, high rigidity, good impact strength and excellent interlayer adhesion for smooth printing.

2.2.  Process Parameters and 3D Geometry
The 3D CAD models of the specimens to be built were sent to the open-source software Ultimaker Cura 4.7.1 [29] to generate G-code files and to command as well as control all the process parameters. In this study, dog-bone specimens were manufactured according to BS EN ISO 527-2:2012 [30] and the dimensions are shown in Figure 1. Four different extrusion temperatures were used to manufacture PLA and GPLA specimens with ten different extrusion rates or flow rates (expressed as a percentage in the Ultimaker Cura 4.7.1 software). Specimens printed with 70% to 90% flow can be considered as under extruded whereas specimens printed above 100% flow can be considered as over extruded. The different process parameters used to manufacture the specimens are shown in Table 1. The appropriate process parameters were selected within Cura and the files were sliced into g-codes for printing. The two main parameters (extruder temperature and flow percentage) were modified in the ‘Material’ tab within the ‘Print settings’ of the Cura software. 
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Figure 1: Dimensions of the dog-bone specimen
Table 1: Process parameters for PLA and GPLA
	#
	Parameters
	Description

	1
	Infill density (%)
	100

	2
	Infill pattern
	Lines

	3
	Layer height (mm)
	0.2

	4
	Nozzle size (mm)
	0.4

	5
	Flow (%)
	70, 80, 90, 100, 110, 120, 130, 140, 150, 160

	6
	Extrusion temperature (°C)
	180, 190, 200, 210

	7
	Print bed temperature (°C)
	60

	8
	Deposition speed (mm/s)
	50

	9
	Fan speed (%)
	100



2.3.  Experimental Testing  
Modifying the flow rate affected the dog-bone specimens in different ways as increasing or decreasing this value changed the amount of material pushed out of the nozzle over a given time interval. The mass and time required to manufacture the different specimens are shown in Table 2 as per the Cura software. These values remained the same at different extrusion temperatures. This made measurement of mass the very first analysis point and CBK 8H weighing scale (from Adam Equipment, UK) having a resolution of 0.1g was used for this purpose. The dimensions of the dog-bone specimens were measured using a digital Vernier caliper. Due to increased material being added to the manufactured specimens, surface texture analysis was undertaken using Surftest SJ-210 (from Mitutoyo, UK) contact-type surface profilometer with a detector measuring force of 0.75 mN and a range of 360 µm [31]. Several surface parameters were quantitatively measured at micro-meter level from the specimens with the traverse direction being diagonally across the building direction at an angle of 45˚ as per ISO 4287:1997 [32]. These amplitude parameters include average surface roughness (Ra), root mean square (Rq), skewness (Rsk), and kurtosis (Rku). Other parameters such as height characterization (core roughness depth, Rk; reduced peak height, Rpk; reduced valley depth, Rvk; material portion 1, Mr1 and material portion 2, Mr2) using the linear material ratio curve ISO 13565-2:1996 standard [33] were also measured quantitatively. The parameters were selected based on recommendations from literature [34-38]. Three measurements were taken along the length of the dog-bone specimens with the measuring speed of 0.5 mm/s. The surface roughness profile was filtered through the Gaussian high-pass filter with a cut-off wavelength of 800 μm and the evaluation length being five times the sampling length. 

Table 2: Mass and manufacturing times
	Flow (%)
	Mass (g)
	Time (min)

	70
	7
	74

	80
	8
	74

	90
	9
	74

	100
	10
	74

	110
	11
	74

	120
	12
	74

	130
	13
	76

	140
	14
	76

	150
	15
	76

	160
	16
	76



After surface analysis, the dog-bone specimens were subjected to ultrasonic testing using a Proceq PUNDIT® PL-200 (from Test Equipment Center, Japan) comprising two 54 kHz transducers [39]. This non-destructive test utilises high-frequency sound waves to detect flaws and defects in products as well as take measurements e.g., thickness. The dog-bone specimens were tested at three points along their length to ascertain an average value of transmission time (μs). For tensile testing, three specimens of each configuration were manufactured and tested as per BS EN ISO 527-2:2012. The testing was carried out using a Tinius Olsen Universal Tensile Testing Machine at a crosshead speed of 1.5mm/s according to the standard. Microstructural analysis was undertaken using a JCM-5000 NeoScope™ tabletop scanning electron microscope (SEM) before and after the tensile testing. It was done before to visualise the gaps or the accumulation of material at different flow percentage levels on the surface. After the tensile test, this helped to investigate the fracture mechanism. The fractured surfaces were carefully cut to size to fit atop the platform of the SEM. No surface treatment was applied to avoid contamination of the fractured surfaces. 
3. Experimental Results and Discussions
3.1. Measurement of Mass
The flow percentage is set at 100% by default in the Cura software and based on this value, Cura automatically calculates how fast to move the extruder motor for certain print speeds or filament diameters. The primary reason for modifying this parameter is to avoid over or under extrusion as all 3D printing filaments do not behave the same at different extrusion temperatures [24, 26]. Most materials can be extruded at a flow rate between 90% and 110% to get good surface finish and appropriate strength. With a lower flow rate, the amount of material in a given cross-sectional area would be less compared to a higher flow rate with the same 3D CAD model. Furthermore, a thicker product would exhibit a higher fracture load compared to a thinner material provided appropriate interlayer adhesion. As the flow rates were modified for the dog-bone specimens, their mass was measured using the CBK 8H weighing scale. These mass values were compared to the values provided by the Cura software in Table 2 and the percentage differences are plotted in Figure 2 for PLA and GPLA. 
 
Figure 2: Percentage differences: a) PLA mass measurements; b) GPLA mass measurements
It is clear from Fig. 2a that the mass of PLA specimens did not increase for any of the temperatures or flow percentages. Furthermore, specimens manufactured at 180 °C exhibited the highest negative percentage change of all the extrusion temperatures starting at 5.7% for 70% flow and moving to 14.37% at 160% flow. Extrusion temperature of 190 °C also exhibited high negative percentage change values whereas 200 °C and 210 °C showed relatively smaller variations especially at high flow percentages (150% and 160%). The extrusion temperature of 210 °C also exhibited the lowest negative percentage change with 2.86% at 70% flow and only 3.12% at 160% flow. These measurements indicate that PLA did not accumulate excess material and showed lower mass values compared to the ones indicated by the Cura software.
On the other hand, Fig. 2b showed a different scenario where almost all the specimens exhibited positive percentage changes as high as 7.14%. Extrusion temperature of 180 °C showed positive change at all flow percentages except for 160% where the negative percentage change was recorded as 1.87%. At the same time, all the other extrusion temperatures showed negative percentage change of exactly 1% at 100% flow indicating that GPLA material require optimisation of the flow percentage value to avoid over or under extrusion. An increased positive percentage change can also be observed in Fig. 2b with increasing extrusion temperatures. At 160% flow, the values indicate positive percentage change of 2.5%, 3.12% and 4.37% for extrusion temperatures of 190 °C, 200 °C and 210 °C, respectively. 
3.2. Dimensional Analysis
All the specimens were measured for deviations from their original dimensions using a digital Vernier caliper. As more material is added to the specimens at high flow percentages, over extrusion becomes a serios problem as can be seen from Figure 3. The opposite applies with lower flow percentages leading to under extrusion characterised by larger voids or gaps between layers. Over/under extruded parts can look significantly different from a standard 100% flow percentage part and can also behave differently under loading conditions. In addition to having effects on strength properties, flow also affects the dimensional accuracy of these parts making them harder to place in assemblies where a tight fit is required.   
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Figure 3: GPLA specimens printed at extrusion temperature of 200 °C (left to right showing 70% to 160% flow percentages)
The excess material clearly visible in Fig. 3 adds to the mass of the specimens as discussed in Section 3.1 and also affects their geometrical accuracy. The percentage differences in all the three axes (X, Y and Z) for PLA and GPLA are shown in Fig. 4. Due to a lower flow percentage leading to a lack of material, both PLA and GPLA showed negative percentage changes along the X-axis from 70% to 90% flow before switching to positive percentage changes from 100% flow onwards as can be observed in Figs. 4a and 4b. Along the X-axis for PLA, the extrusion temperature of 180 °C exhibited the lowest percentage change at 0.134% for 160% flow whereas the highest was observed for 210 °C at 1.34% for 160% flow (Fig. 4a). On the other hand, GPLA showed comparatively larger differences along the X-axis. Fig. 4b shows an increase in percentage change with increased extrusion temperatures. At 180 °C and 190 °C, the positive percentage change was 1%, increasing to 1.67% (200 °C) and then 1.73% (210 °C) for 160% flow as seen in Fig. 4b. These results indicate that increased extrusion temperatures and flow percentages affected GPLA more than PLA along the X-axis. 
The dimensional changes along the Y-axis for PLA are shown in Fig. 4c with negative percentage changes only observed at 70% and 80% flow for all extrusion temperatures before moving to positive percentage change for all the other flow rates. As seen in Fig. 4a, the extrusion temperature of 180 °C exhibited the lowest percentage change at 3.5% for 160% flow. At flow percentage of 160%, the highest change was observed at 5% for 190 °C, 4.5% for 210 °C, 4% for 200 °C and finally 3.5% for 180 °C. Fig. 4d shows GPLA with negative percentage change at 70% flow for all the extrusion temperatures before moving to positive percentage changes. Similar to Fig. 4b, GPLA exhibited significant changes along the Y-axis with the highest value being 14% at 210 °C for 160% flow. This was followed by 13% at 200 °C, 12.5% at 190 °C and 11% at 180 °C. This show that as the extrusion temperature increased, more material was accumulated along the Y-axis leading to significant deformation in GPLA.   
Thickness is an important geometrical aspect and could lead to significant issues both in terms of part aesthetics and mechanical performance. Under extrusion at 70%, 80% or 90% should lead to lower thickness whereas over extrusion from 100% above should lead to a higher thickness value of the dog-bone specimens. Fig. 4e showed the variations in thickness or along the Z-axis for PLA with significantly smaller thickness values until 100% flow. It clearly indicates the usefulness of optimising the flow percentage for a given material to ensure dimensional accuracy and consistency. The thickness increased significantly from 110% flow onward as well as the positive percentage change with increasing extrusion temperatures. The lowest value at 160% flow was observed at 17.5% for 180 °C, 30% for 190 °C, 32.5% for 200°C and finally 35% for 210 °C. GPLA followed a similar pattern in Fig. 4f as PLA, but only exhibited smaller thickness values until 90% flow as opposed to 100% flow for PLA. The results along the Z-axis were consistent for all the extrusion temperatures at 100% flow. With increase in flow, the thickness also increased drastically for all the extrusion temperatures. Thickness as high as 6mm was observed (as opposed to 4mm) at 160% flow for 210 °C indicating a positive percentage change of 50%. The smallest value at 160% flow was observed for 190 °C at 45%. Upon comparison of the thickness change, it is clear that the thickness of GPLA specimens (6mm at 210 °C) at 160% flow increased more compared to PLA (5.4mm at 210 °C) in addition to the overall high positive percentage change values. Overall, it is evident from Fig. 4 that the dimensional accuracy of GPLA was more adversely affected by the increased extrusion temperatures and flow percentages along the three axes compared to PLA.   
 
 
 
Figure 4: Dimensional analysis: a) Percentage change along X-axis for PLA; b) Percentage change along X-axis for GPLA; c) Percentage change along Y-axis for PLA; d) Percentage change along Y-axis for GPLA; e) Percentage change along Z-axis for PLA; f) Percentage change along Z-axis for GPLA
3.3. Surface Roughness Analysis 
Over and under extrusion are issues faced by FFF systems [24, 25] and commonly used options for mitigation are the optimisation of the extrusion temperature and/or flow percentage. Over extrusion means accumulation of excess material and can lead to dimensional inaccuracy, layer drooping, stringing, oozing and blobs. On the other hand, under extrusion is characterised by large voids/gaps between layers and can also be caused by low print temperatures, high print speeds and clogged nozzles. It can also lead to poor bridging performance, layer delamination and poor bed adhesion. These issues can be resolved by dispensing slightly more material or over extruding. However, flow percentage is only one parameter and achieving excellent surface finish requires optimisation of several factors. In this study, extrusion temperatures and flow percentages were changed whereas all the other parameters remained constant. This led to most over extruded specimen for both PLA and GPLA showing extremely poor surface finish as demonstrated in Fig. 3 (Section 3.2) with peak/valley measurements exceeding the 360 µm range of the Surftest SJ-210 contact-type surface profilometer. Only PLA printed at 200 °C was properly measured for all the different flow percentages whereas GPLA specimens could only be measured up to 120% due to the extremely poor surface finish. This was expected as the dimensional accuracy of GPLA was affected more adversely compared to PLA (Section 3.2). Therefore, the specimens shown in this section range from 70% to 120% flow for both PLA and GPLA measured with the traverse direction being diagonally across the building direction at an angle of 45˚. The average surface roughness (Ra) measured along the length of the dog-bone specimens is shown in Fig. 5 and highlights two clear patterns for both PLA and GPLA. Firstly, the surface roughness is higher for the under extruded specimens before becoming the lowest and then moving to high values again for the over extruded specimens at all extrusions temperatures. Secondly, the highest extrusion temperature (210 °C) shows the highest surface roughness value at 120% flow. 
 
Figure 5: Surface roughness measurements: a) PLA material; b) GPLA material
It is evident from Fig. 5a that the lowest surface roughness value was observed at 90% flow for 180 °C, 190 °C and 210 °C extruding temperatures whereas 200 °C demonstrated the lowest value at 100% flow for PLA. This indicate that optimal surface finish can be achieved at 90% flow at the three aforementioned temperatures. It is also interesting to note that 70% and 80% flow specimens (under extruded) showed values as high as over extruded specimens at 110 % and 120% flow indicating the gaps (peak/valley measurements) formed by under extrusion can match the over extruded specimens to a certain extent. GPLA also show a similar picture as PLA in Fig. 5b with the lowest values being observed at 80% flow and then gradually moving upward until 120% flow for all the extrusion temperatures. The only exception was 190 °C that showed a slightly lower surface roughness at 13.8 µm for 90% flow as opposed to 14.1 µm for 80% flow. Overall, the surface roughness of both PLA and GPLA remained quite close and did not show drastic differences in the minimum or maximum values. These results indicate that different flow percentages satisfy the aesthetics or surface finish requirements for various materials and should be kept in mind while manufacturing products using FFF.    
The two-dimensional (2D) surface profile ratios of Rq/Ra for PLA and GPLA are shown in Fig. 6. For PLA in Fig. 6a, the ratio of the average root means square (Rq) to average surface roughness (Ra) was found to be randomly varying with deviation of around 1.26 ± 0.078 for 180 °C, 1.28 ± 0.069 for 190 °C, 1.29 ± 0.107 for 200 °C and 1.29 ± 0.104 for 210 °C. These deviations are very small and are tolerable for all the flow percentages at the different extrusion temperatures. Fig. 6b showing the Rq/Ra for GPLA was randomly varying with deviation of around 1.27 ± 0.044 for 180 °C, 1.28 ± 0.053 for 190 °C, 1.28 ± 0.060 for 200 °C and 1.26 ± 0.069 for 210 °C. Both PLA and GPLA showed similar mean values for Rq/Ra whereas the standard deviation values for GPLA increased with increase in extrusion temperature. Ideally, Rq/Ra equal to 1.22 (for 2D) with minimum deviation is an excellent surface profile ratio, as the Rq is very sensitive to peaks and valleys than Ra because the amplitudes are squared [40]. 
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Figure 6: Two-dimensional surface profile ratio: a) PLA material; b) GPLA material
3.3.1. Skewness and Kurtosis 
The third central moment skewness (Rsk) and the fourth central moment kurtosis (Rku) for PLA and GPLA are shown in Fig. 7. Ideally, a value of zero for skewness and three for kurtosis is typical for a random, Gaussian profile and weakly isotropic [40, 41]. In Fig. 7a, the trend of PLA showed an overall negative skew (negative for flat peaks and steep valleys representing a surface with a top plateau with deep grooves or pores) at 70% and 80% flow for all the extrusion temperatures. All the specimens printed at 90% flow or above showed an approximately symmetrical skew (except for 100% flow at 210 °C that showed a high positive skew). The maximum and minimum trend of skewness was in the range of −1.297 ≤ Rsk ≤ −0.616 for 180 °C, −0.969 ≤ Rsk ≤ 0.411 for 190 °C, −0.149 ≤ Rsk ≤ 0.202 for 200 °C and −1.06 ≤ Rsk ≤ 0.694 for 210 °C. In Fig. 7b, the trend of GPLA also showed an overall high negative skew at 70% and 80% flow for all the extrusion temperatures (except for 80% flow at 210 °C that shows an approximately symmetrical skew). All the 90% flow specimens exhibited a high positive skew (positive for steep peaks and flat valleys representing a surface with a flat bulk and high peaks as if particles were deposited on a plane) along with 100% flow at 210 °C and 110% flow for 190 °C specimens. The remaining specimens exhibited an approximately symmetrical skew. The maximum and minimum trend of skewness was in the range of −0.981 ≤ Rsk ≤ 0.497 for 180 °C, −1.467 ≤ Rsk ≤ 1.056 for 190 °C, −1.24 ≤ Rsk ≤ 1.15 for 200 °C and −1.303 ≤ Rsk ≤ 1.246 for 210 °C.   
In Fig. 7c, the maximum and minimum trend of kurtosis for PLA was in the range of 3.045 ≤ Rku ≤ 4.262 for 180 °C, 2.518 ≤ Rku ≤ 4.704 for 190 °C, 1.954 ≤ Rku ≤ 3.837 for 200 °C and 2.655 ≤ Rku ≤ 5.680 for 210 °C. Based on the kurtosis results, 190 °C, 200 °C and  210 °C showed leptokurtic (longer and fatter tails with a high and sharp central peak) and platykurtic (narrow distribution with a few extreme points above and below while most points are concentrated around the mean value) distribution with high and low degree of peakedness as Rku represent values both less and greater than 3. The only temperature to show a mesokurtic (normal) distribution in addition to leptokurtic and platykurtic was 180 °C. In Fig. 7d, the maximum and minimum trend of kurtosis for GPLA was in the range of 2.517 ≤ Rku ≤ 4.090 for 180 °C, 2.338 ≤ Rku ≤ 5.105 for 190 °C, 2.118 ≤ Rku ≤ 4.627 for 200 °C and 2.255 ≤ Rku ≤ 4.741 for 210 °C. Based on the kurtosis results, all the extrusion temperatures showed leptokurtic and platykurtic distribution for GPLA. PLA and GPLA exhibited different results for skewness and kurtosis values. Majority of the PLA specimens showed an approximately symmetrical skew with under extruded specimens (70% and 80% flow) showing negative skew. On the other hand, GPLA showed a mixture of negative, approximately symmetrical, and positive skew specimens highlighting more material deposition due to over extrusion. For PLA, kurtosis showed a clear trend with values higher than 3 for under extruded specimens (70% and 80% flow) and lower for all the others (except for 100% and 110% flow at 210 °C). GPLA showed a mixture of values higher and lower than 3 for kurtosis and highlight that the effect of flow percentages at different extrusion temperatures result in more variations than PLA. 
 
 
Figure 7: Skewness and kurtosis: a) PLA skewness curves; b) GPLA skewness curves; c) PLA kurtosis curves; d) GPLA kurtosis curves
3.3.2. Height Characterization 
The Rk group parameter (Rk, Rpk, Rvk, Mr1, and Mr2) is derived from the bearing ratio curve based on the ISO 13565-2:1996 standard (Abbott curve, which represents the cumulative probability density function of the profile height of a surface and can be calculated by integrating the profile trace). Rk (μm) represents the core/kernel of the printed specimens, Rpk (μm) and Mr1 (%) represent the peaks of the specimens whereas Rvk (μm) and Mr2 (%) represent the valleys of the 3D printed specimens. These parameters were precisely designed for the control of the potential wear in cylinder bores in the automotive industry. They numerically describe the wear characteristics of the bore by use of a material ratio curve [40]. In this study, Rk (core), Rpk (peaks) and Rvk (valleys) were examined for both PLA and GPLA. The bearing area provides information about the extent of the surface behaviour above a certain height. The Rpk and Rvk parameters can influence the friction characteristics. Large Rk parameter implies a surface composed of high peaks providing small initial contact area and thus high contact stress areas when the surface is contacted [40]. This is to be expected in this work as high flow percentages have been used to manufacture specimens. 
The mean and SD values of Rk, Rpk and Rvk for PLA at different extrusion temperatures are shown in Fig. 8. It is evident that 90% and 100% flow specimens exhibit the lowest values indicating a good surface finish at all the four extrusion temperatures. Furthermore, under extrusion specimens exhibit low core and peak values but high valley measurements due to the lack of material. These values move upward for the over extruded specimens due to the presence of excess material. The optimal results were observed for 200 °C (Fig. 8c) with all the three parameters (except for higher valley measurements for under extruded specimens) showing relatively lower values compared to other temperatures in Figs. 8a, 8b and 8d. 
  
  
Figure 8: Rk, Rpk and Rvk assessment at different temperatures for PLA: a) 180 °C; b) 190 °C; c) 200 °C; d) 210 °C 
The mean and SD values of Rk, Rpk and Rvk for GPLA at different extrusion temperatures are shown in Fig. 9. As opposed to PLA, 80% and 90% flow exhibit the lowest values in this case (except for 90% flow at 180 °C in Fig. 9a) for all the extrusion temperatures. Except for these two flow percentages, the values are high for all other specimens whether under or over extruded. Temperatures of 180 °C in Fig. 9a and 210 °C in Fig. 9d also exhibit the highest values compared to 190 °C and 200 °C in Figs. 9b and 9c, respectively. These results indicate that GPLA is affected more adversely than PLA based on the changes in extrusion temperatures and flow percentages. 
 
 
Figure 9: Rk, Rpk and Rvk assessment at different temperatures for GPLA: a) 180 °C; b) 190 °C; c) 200 °C; d) 210 °C
Figure 10 shows the material ratio assessment (Mr1 & Mr2) for PLA at different extrusion temperatures. It corresponds to the upper and lower limit position of the roughness core. It is evident that Mr1 shows comparatively smaller material portion with less than 20% for all extrusion temperatures whereas Mr2 shows large material portion by more than 80% (except at 70 % flow for all temperatures). These results indicate that PLA exhibit approximately ~20% flat peaks over roughly ~80% steep valleys, which is consistent with the results obtained from skewness and kurtosis (Fig. 7). On the other hand, the material ratio assessment for GPLA shown in Fig. 11 is not as consistent as PLA. Mr1 is less than 20% for 180 °C and 210 °C whereas it is slightly over for 190 °C and 200 °C. Similar trend was observed for GPLA when Rk, Rpk and Rvk were measured (Fig. 9). Consequently, Mr2 is above 80% for 180 °C and 210 °C (except for 80% flow at 180 °C) whereas it is lower for 70% and 80% flow at 190 °C as well as 80% flow at 200 °C. 
 
 
Figure 10: Material ratio assessment at different temperatures for PLA: a) 180 °C; b) 190 °C; c) 200 °C; d) 210 °C
 
 
Figure 11: Material ratio assessment at different temperatures for GPLA: a) 180 °C; b) 190 °C; c) 200 °C; d) 210 °C
3.4. Ultrasonic Testing  
This nondestructive test can help to detect defects in the manufactured specimens [19, 42]. In under extruded specimens, gaps are present between the individual layers due to less material whereas the layers are more closely packed for over extruded specimens. However, specimens manufactured at high flow percentages show extremely poor surface finish making inspection difficult. Ultrasonic test was conducted on all the dog-bone specimens and three measurements were taken along their length. The time taken by the high frequency acoustic sound waves to travel from one transducer through the dog-bone specimen and to the second transducer is measured and the results are shown in Figure 12.

 
Figure 12: Results from ultrasonic testing: a) PLA material; b) GPLA material
In Fig. 12a, PLA showed higher values for the under extruded specimens until reaching the lowest transmission times at 90% flow. The values increased gradually from 90% flow as the thickness of the specimens also increased. The maximum thickness reached for PLA specimens was 5.4 mm (Section 3.2) at 160% flow for 210 °C and it showed a transmission time of 2.6 µs. The lowest thickness (3.2 mm) was also for 210 °C at 70% flow and the time recorded was 2 µs. This showed that with a difference of 2.2 mm, the transmission time went up only 0.6 µs. On the other hand, GPLA transmission times in Fig. 12b showed a gradual increase from 70% to 160% flow. The under extruded specimens did not suffer as much as with PLA. However, the over extruded specimens showed very high values compared to PLA. The lowest values for GPLA were obtained for 90% flow (similar to PLA) and increased as high as 4.2 µs at 160% flow for 190 °C. The maximum thickness reached for GPLA specimens was 6 mm (Section 3.2) at 160% flow for 210 °C and it showed a transmission time of 4.03 µs. The lowest thickness (3.1 mm) was for 180 °C at 70% flow and the time recorded was 1.8 µs. The difference between the transmission time of the thickest and the thinnest specimen is 2.23 µs. This highlight that more time is required by the sound waves to travel through GPLA specimens indicating either defects or large voids that offer resistance. These results also indicate that GPLA is affected more adversely with the increase in flow percentages compared to PLA at the same extrusion temperatures.    

3.5. Tensile Testing
Force vs displacement curves for PLA and GPLA are shown in Fig. 13. Decreasing or increasing the flow percentage result in under or over extruded specimens, respectively. Under extruded specimens are thinner with gaps/voids between layers whereas over extruded specimens result in tightly packed rows of extruded material leading to minimal voids and gaps between layers. The minimal voids result in a much larger bonding surface between printed rows and improved strength properties as well as higher thickness compared to the 3D CAD model (4 mm). In Fig. 13a, the 70% and 80% flow PLA specimens fractured at very low values with the highest being observed at 1065N for 210 °C (80% flow) specimen and the lowest was 610N for 180 °C at 70% flow. The 90% flow specimens showed a substantial increase over the 70% and 80% specimens with the fracture load values rising with increased flow percentages. Specimens printed at 180 °C showed a consistent rise in fractur load values (1688N) that continue to increase until 150% flow where the highest value was observed at 2313N and then a sharp decline at 160% flow with 2107N. This pattern was consistent with all the other extrusion temperatures as well where the fracture load values kept increasing until 150% flow and then showed a sharp decline for 160% flow specimens. It is important to note that the thickness of the specimens kept increasing and consequently the fracture load should increase as well. However, there had to be a limit to how much material can be added to a specimen before the additional material stopped being useful. This was the case with the 160% specimens with extremely rough surface finish that led to stress risers on the surface causing premature failure of the specimens. Another important consideration would be the use of flow percentages to manufacture stronger parts in a timely manner with good surface finish. Based on the results obtained in this work for PLA, it is clear that 120% flow specimens (Section 3.3) can provide good surface finish and high tensile strength for all extrusion temperatures. For applications where surface finish is not a consideration and high mechanical strength is needed, enhancing the flow percentage to as high as 150% can result in the ideal product. 
In Fig. 13b, GPLA showed a gradual increase in fracture load values as well. It was more consistent compared to PLA where there was a significant difference between 70% or 80% flow specimens and 90% flow specimens. Unlike having the same flow percentage showing the highest fracture load values for all temperatures, GPLA showed varying results. At 180 °C, the fracture load values kept rising until 150% flow (2089N) and decreased slightly at 160% flow (2070N). At 190 °C, the fracture load values kept rising and did not decrease showing that more material could potentially be added at 170% to manufacture a stronger product. At 200 °C, the fracture load values showed a downward trend similar to PLA with the highest value at 150% flow (2272N) and then a decline at 160% flow (2123N). Extrusion temperature of 210 °C was different as it showed the highest fracture load value at 140% flow (2143N) and then a decrease at the subsequent flow percentages. Overall, PLA showed more consistent results compared to GPLA with the latter showing the capacity to increase the flow percentage beyond 160% at 190 °C as opposed to the former that can only sustain until 150% flow. 
 
Figure 13: Results from tensile testing with standard deviation as error bars: a) PLA material; b) GPLA material

3.6. Microstructural Analysis 
To highlight the significance of under and over extrusion, SEM micrographs were first taken of the surfaces of PLA and GPLA specimens printed at 200 °C as a reference. Figure 14 shows the micrographs for PLA and clearly highlights the under and over extrusion of the material. The 70% flow specimen in Fig. 14a shows clear gaps between layers whereas 100% flow specimen (Fig. 14b) shows an almost perfect alignment with little to no gaps between layers. This is also supported by the surface roughness results discussed in Section 3.3 (Fig. 5) where the PLA specimen printed with 100% flow at 200 °C showed the lowest surface roughness at 6.82 µm. The over extruded specimens in Figs. 14c and 14d at 130% and 160% flow show tightly packed rows of extruded material but with slight peaks as the excess material accumulated within the printed specimens. It is to be noted that PLA printed at 200 °C showed peaks/valleys within the 360 µm limit of the profilometer; hence, the reason for a good surface finish even at 160% flow (Fig. 14d). On the other hand, GPLA printed at 200 °C show slightly different results for the over extruded specimens in Figure 15. The specimens printed with 70% flow (Fig. 15a) and 100% flow (Fig. 15b) show similar characteristics as the ones printed from PLA. However, the over extruded specimens at 130% flow (Fig. 15c) and 160% flow (Fig. 15d) show high peaks and deep valleys resulting in extremely rough surface finish.     
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Figure 14: SEM micrographs for PLA specimens printed at 200°C: a) 70% flow; b) 100% flow; c) 130% flow; d) 160% flow
[image: Micrographs]
Figure 15: SEM micrographs for GPLA specimens printed at 200°C: a) 70% flow; b) 100% flow; c) 130% flow; d) 160% flow
After the surfaces had been analysed for PLA and GPLA printed at 200 °C, the fractured surfaces from the tensile test were also observed under the SEM. Figure 16 shows the SEM micrographs for the PLA material. A clean fracture surface with large voids between the layers can be observed in Fig. 16a (70% flow). The clean fracture is delamination failure indicating that the bond between the layers delaminated before the bulk strength of the material was reached. As can be seen in Fig. 16b, the 100% flow specimen failed in a completely different manner, creating a rough surface with failure occurring across many different layers. The same can be observed for specimens printed at 130% flow (Fig. 16c) and 160% flow (Fig. 16d). This rough surface indicates that the failure relates to the bulk material properties of the material. These specimens did not fail completely due to bond strength, but due to a combination of bond strength and bulk material failure [42]. The fractured surfaces of GPLA specimens printed at 200 °C are shown in Fig. 17. Upon comparison with PLA, the difference is clear for 70% flow specimens. GPLA exhibited higher fracture load values at 70% flow compared to PLA by creating a rough surface at fracture (Fig. 17a). The remaining specimens failed similar to PLA with rough surfaces as observed in Figs. 17b (100% flow), 17c (130% flow) and 17d (160% flow).   
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Figure 16: SEM micrographs for fractured PLA specimens printed at 200 °C: a) 70% flow; b) 100% flow; c) 130% flow; d) 160% flow
[image: Micrographs]
Figure 17: SEM micrographs for fractured GPLA specimens printed at 200 °C: a) 70% flow; b) 100% flow; c) 130% flow; d) 160% flow
4. Material Quality Characterization 
[bookmark: _Hlk77101167]This work is focused on analysing the effects of extrusion temperatures and flow percentages on FFF-printed PLA and GPLA specimens. It is aimed at providing an in-depth understanding of the trade-offs that can be made while manufacturing parts using the FFF process specifically in terms of dimensional accuracy, surface finish and tensile strength. These are common issues associated with FFF-printed parts [42, 43]. Increasing the flow percentage leads to increase in mass of a specific product as more material is being extruded within the same geometry resulting in dimensional inaccuracies. The most noticeable difference is along the Z-axis as described in Section 3.2. The results discussed in Sections 3.1 and 3.2 can help users decide how to manipulate the extrusion temperatures and flow percentages to achieve the desired geometry. Table 3 shows the extrusion temperatures and flow percentages for PLA and GPLA specimens with no geometrical variance. While all extrusion temperatures can provide specimens with no variance, the commonly used 100% flow does not ensure dimensional accuracy along all three axes. Therefore, it is crucial to understand the effects of flow percentage to manufacture a high quality product. For example, if X (length) and Z (thickness) axes are more critical to the product, then printing PLA at 180 °C with 110% flow will give the desired results. On the other hand, printing PLA at 210 °C with 90% flow will result in no variance along the X and Y (width) axes. These considerations are extremely important if a part is to be fitted within an assembly. Understanding the effects of under/over extrusion can help users remedy issues related to improper fitting within assemblies. It is also a good practice to account for shrinkage with thermoplastics by slightly increasing the flow percentage. Some excess material (over-extruded) can be easily removed through post-processing operations. Therefore, Table 4 has been presented to show PLA and GPLA specimens with the lowest positive variance along the three axes. Combining Tables 3 and 4 show that printing PLA at 180 °C with 110% flow will give the optimal results (X and Z axes with no variance and Y-axis with the lowest positive variance). On the other hand, printing GPLA at 180 °C with 90% flow will result in parts having no variance along X and Y axes (close to the optimal value of 100% flow along the Z-axis). 
Table 3: PLA and GPLA specimens with no variance
	Axes
	Temperature (°C)
	Flow (%)

	PLA

	X-axis
	180
	100, 110, 120

	
	200
	90

	
	210
	80, 90

	Y-axis
	180
	90

	
	210
	90

	Z-axis
	180
	110

	
	190
	110

	
	210
	100

	GPLA

	X-axis
	180
	80, 90

	
	210
	70, 80, 90

	Y-axis
	180
	80, 90

	
	190
	70, 80, 90

	
	200
	70

	
	210
	70

	Z-axis
	180
	100

	
	190
	100

	
	200
	100



Table 4: PLA and GPLA specimens with lowest positive variance
	Axes
	Temperature (°C)
	Flow (%)

	PLA

	X-axis
	180
	130, 140

	
	190
	100

	
	200
	100, 110, 120, 130

	
	210
	100, 110

	Y-axis
	180
	100, 110

	
	190
	90

	
	200
	90

	
	210
	100

	Z-axis
	180
	120

	
	190
	120

	
	200
	110

	
	210
	110

	GPLA

	X-axis
	180
	100

	
	190
	100

	
	200
	100

	
	210
	100

	Y-axis
	180
	100

	
	190
	100, 110

	
	200
	80, 90

	
	210
	80, 90

	Z-axis
	180
	110

	
	190
	110

	
	200
	110

	
	210
	100



Combining the dimensional accuracy with surface roughness is an important aspect especially if a perfect fit within an assembly is needed. Surface roughness values (Ra) for PLA and GPLA are shown in Fig. 18 with both extrusion temperatures and flow percentages. The lowest surface roughness values for PLA have been obtained at 180 °C (4.461 µm), 190 °C (4.471 µm) and 210 °C (5.018 µm) with 90% flow (Section 3.3). However, one of the combinations providing the optimal dimensional accuracy is printing PLA at 180 °C with 110% flow as it will lead to zero variance along the X and Z axes and lowest positive variance along the Y-axis (Tables 3 and 4). Using this information, the user can manipulate the flow percentage to achieve the desired result based on the application as the extrusion temperature is the same. For example, printing GPLA at 180 °C with 90% flow will result in parts having zero variance along X and Y axes. However, Ra value at this combination is 19.371 µm. The user can choose to only modify the flow percentage to 80% and get 7.229 µm which is a considerable reduction in the surface roughness. This is the kind of trade-off that can help leverage the benefits of under and/or over extrusion to manufacture products with varied applications. If surface finish is the main consideration, then a suitable combination can be chosen by the user that could sacrifice dimensional accuracy in favour of a better surface finish.
[image: Chart] [image: Chart]
Figure 18: Surface roughness values: a) PLA material; b) GPLA material
A single attribute is comparatively easier to modify and adjust as opposed to a combination of attributes. For example, if the only consideration is surface roughness, then the results shown in Section 3.3 can help identify the extrusion temperatures and flow percentages at which parts should be printed. Specimens with over 120% flow have extremely poor surface finish due to over-extrusion and hence should not be printed if good surface finish is the objective. As per the results, the highest surface finish has been observed at 180 °C, 190°C with 90% flow for PLA and at 210 °C with 80% flow for GPLA. These flow percentages represent under-extruded specimens, meaning a lower cross-sectional area and hence a lower load resisting capacity compared to an over-extruded specimen. Increasing the flow percentage increases the fracture load values to a limit as shown in Fig. 19. Linking this aspect with surface roughness results mean that if high tensile strength is the main goal with some focus on surface finish, then specimens printed with 120% flow are ideal for the chosen application. However, if tensile strength is the only objective with no consideration for dimensional accuracy and surface roughness, then the results in Section 3.5 clearly highlight that PLA can be printed up to 150% flow with all temperatures (except 210 °C that can provide a higher value at 160% flow) to achieve the highest tensile strength in the manufactured products. 
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Figure 19: Tensile test results: a) PLA material; b) GPLA material
Considering a case where limits have been applied to surface roughness and fracture load values would mean that the user can plot these two parameters against each other to identify the combination of extrusion temperature and flow percentage to achieve the desired results. These plots are shown in Fig. 20 for both PLA and GPLA. The plotted points represent the combination of extrusion temperature and flow percentage with S1 indicating 180 °C at 70% flow, S2 indicating 180 °C at 80% flow, and so on until S6 that indicates 180 °C at 120% flow (maximum flow percentage due to over extrusion issues leading to poor surface finish). S7 indicates 190 °C at 70% flow and so on. Consider that a PLA product is needed with a maximum surface roughness of 12 µm and fracture load in excess of 2000N. The only combination that fulfils these requirements is 200 °C with 110% flow, indicated by S17 in Fig. 20a. The same procedure can be implemented to identify the optimal combination for GPLA products as well (Fig. 20b). These results help the user understand the limitations and identify the potential of manipulating extrusion temperature and flow percentage to achieve desired results by characterising the material quality for a specified application. They also show that the commonly used 100% flow does not always provide the optimal results and process parameters should be optimised based on the user requirements.  


Figure 20: Average load vs average surface roughness: a) PLA material; b) GPLA material
5. Conclusions
Material extrusion rate is an important factor in FFF. However, it has not been explored to a large extent for bespoke properties. Under/over extrusion of material can lead to useful applications; thus, making the FFF process more versatile. Over extrusion, in particular, can be utilized when surface roughness or dimensional accuracy is not a consideration, and the focus is on mechanical strength. This is because over extrusion results in tightly packed rows of extruded material leading to minimal voids and gaps between layers resulting in improved strength. Over extrusion can also be achieved by using higher extrusion temperatures. In this study, PLA and graphene enhanced PLA (GPLA) materials were investigated to analyze the effect of extrusion temperatures and material extrusion rates on their mass, dimensional accuracy, surface roughness, nondestructive defect detection and tensile properties followed by microstructural characterization. The materials were printed at four different extrusion temperatures at extrusion rates (flow percentages) ranging from 70% to 160%. The results indicate that PLA was less adversely affected due to changes in the extrusion temperatures and material extrusion rates  as compared to GPLA.  
The mass of GPLA specimens increased drastically with increase in flow percentages whereas PLA did not accumulate large amounts of excess material and showed lower mass values compared to the ones indicated by the Ultimaker Cura 4.7.1 software at all extrusion temperatures. With increase in mass, GPLA also experienced larger dimensional inaccuracies along the three axes (X, Y and Z) compared to PLA. All the specimens suffered from under and over extrusion that led to extremely rough surfaces. PLA material still showed lower surface roughness (Ra) values compared to GPLA. Both PLA and GPLA exhibited low surface roughness values at flow percentages lower than 100% (90% for PLA and 80% for GPLA) indicating that under extrusion is a better option to achieve the smoothest surfaces possible. Both materials showed similar mean values for surface profile ratio (Rq/Ra) whereas the standard deviation values for GPLA increased with increase in extrusion temperature.
In terms of skewness (Rsk), both PLA and GPLA followed similar trends at all extrusion temperatures by starting with negative skew for under extruded specimens, moving to an approximately symmetrical skew and finally positive skew for over extruded specimens. Similar to GPLA, PLA specimens showed leptokurtic and platykurtic distributions with the only exception that PLA specimens printed at 180 °C showed mesokurtic distribution. With regards to Rk, Rpk and Rvk characterization for PLA, 90% and 100% flow specimens exhibited the lowest values whereas 80% and 90% flow displayed the same for GPLA. Mr1 showed tiny material portion by less than 20% flat peaks whereas Mr2 showed considerable material portion by more than 80% steep valleys for PLA at all extrusion temperatures whereas GPLA showed less than 20% Mr1 for 180 °C and 210 °C and slightly over for 190 °C and 200 °C.
Ultrasonic testing highlighted the pattern of GPLA being affected more adversely compared to PLA with higher transmission times as GPLA specimens were thicker. Tensile testing for PLA yielded an increase in fracture load until 150% flow and a sharp decline moving forward. On the other hand, GPLA specimens showed different results at each extrusion temperature with no defined pattern. Microstructural analysis undertaken on the specimen surfaces and their fractured surfaces highlighted the effects of under and over extrusion. The fractured surfaces were characterized by a rough texture indicating that the failure was caused by a combination of bond strength and bulk material failure.
[bookmark: _Hlk69556857][bookmark: _Hlk69556766]The results obtained in this work can help manufacturers design and develop products using different materials based on bespoke requirements. It has been demonstrated that different extrusion temperatures and material extrusion rates can lead to useful results. Three main aspects of consideration for FFF parts are dimensional accuracy, surface finish and mechanical strength. They can be manipulated based on the product requirements, and different extrusion temperatures as well as extrusion rates can be utilized to achieve desired results.  
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a)

180 °C	70	80	90	100	110	120	130	140	150	160	-5.7142857142857197	-6.25	-3.333333333333341	-5	-5.4545454545454515	-6.6666666666666723	-7.6923076923076925	-7.8571428571428541	-10.666666666666664	-14.375000000000004	190 °C	70	80	90	100	110	120	130	140	150	160	-4.2857142857142829	-5.0000000000000044	-1.1111111111111072	-4.0000000000000036	-5.4545454545454515	-6.6666666666666723	-6.1538461538461586	-5.7142857142857197	-9.3333333333333357	-11.875000000000002	200 °C	70	80	90	100	110	120	130	140	150	160	-4.2857142857142829	-3.7499999999999978	-2.2222222222222143	-4.0000000000000036	-3.6363636363636398	-4.9999999999999964	-5.3846153846153797	-4.9999999999999947	-5.3333333333333375	-4.3749999999999956	210 °C	70	80	90	100	110	120	130	140	150	160	-2.8571428571428599	-3.7499999999999978	-2.2222222222222143	-3.0000000000000071	-2.7272727272727337	-3.3333333333333361	-4.6153846153846132	-4.2857142857142829	-3.3333333333333335	-3.125	Flow (%)


Difference (%)




b)

180 °C	70	80	90	100	110	120	130	140	150	160	5.7142857142857197	6.25	3.333333333333341	1.9999999999999927	3.6363636363636398	0.83333333333333037	1.538461538461533	1.4285714285714235	0	-1.8750000000000044	190 °C	70	80	90	100	110	120	130	140	150	160	7.1428571428571423	6.25	4.4444444444444482	-0.99999999999999634	3.6363636363636398	2.5000000000000062	0.7692307692307665	2.8571428571428599	2.0000000000000049	2.4999999999999911	200 °C	70	80	90	100	110	120	130	140	150	160	7.1428571428571423	6.25	4.4444444444444482	-0.99999999999999634	2.7272727272727337	3.3333333333333361	3.0769230769230793	4.2857142857142829	5.3333333333333375	3.125	210 °C	70	80	90	100	110	120	130	140	150	160	7.1428571428571423	6.25	6.6666666666666625	-0.99999999999999634	6.3636363636363571	5.8333333333333268	5.3846153846153797	4.9999999999999947	5.3333333333333375	4.3749999999999956	Flow (%)


Difference (%)




a)

180 °C	70	80	90	100	110	120	130	140	150	160	-0.33333333333333337	-0.33333333333333337	-0.20000000000000759	0	0	0	6.6666666666662877E-2	6.6666666666662877E-2	0.13333333333332575	0.13333333333332575	190 °C	70	80	90	100	110	120	130	140	150	160	-0.33333333333333337	-0.33333333333333337	-0.13333333333332575	0.20000000000000759	0.33333333333333337	0.39999999999999619	0.53333333333334099	0.79999999999999238	0.79999999999999238	0.93333333333333701	200 °C	70	80	90	100	110	120	130	140	150	160	-0.46666666666665907	-0.13333333333332575	0	0.20000000000000759	0.20000000000000759	0.20000000000000759	0.20000000000000759	0.33333333333333337	0.39999999999999619	0.66666666666666674	210 °C	70	80	90	100	110	120	130	140	150	160	-0.46666666666665907	0	0	0.20000000000000759	0.20000000000000759	0.53333333333334099	0.86666666666667425	1.0666666666666629	1.2666666666666704	1.3333333333333335	Flow (%)


Difference (%)




b)

180 °C	70	80	90	100	110	120	130	140	150	160	-0.33333333333333337	0	0	0.13333333333332575	0.39999999999999619	0.53333333333334099	0.79999999999999238	0.86666666666667425	1	1	190 °C	70	80	90	100	110	120	130	140	150	160	-0.26666666666667049	-0.26666666666667049	-0.13333333333332575	0.20000000000000759	0.33333333333333337	0.39999999999999619	0.53333333333334099	0.79999999999999238	0.86666666666667425	1	200 °C	70	80	90	100	110	120	130	140	150	160	-0.26666666666667049	-0.26666666666667049	-0.13333333333332575	0.20000000000000759	0.39999999999999619	0.53333333333334099	1.0666666666666629	1.2000000000000077	1.466666666666659	1.6666666666666667	210 °C	70	80	90	100	110	120	130	140	150	160	0	0	0	0.46666666666665907	0.66666666666666674	0.79999999999999238	0.86666666666667425	1.0666666666666629	1.6000000000000039	1.7333333333333294	Flow (%)


Difference (%)




c)

180 °C	70	80	90	100	110	120	130	140	150	160	-0.99999999999999634	-0.50000000000000711	0	0.99999999999999634	0.99999999999999634	1.5000000000000036	1.9999999999999927	2.5	2.5	3.499999999999996	190 °C	70	80	90	100	110	120	130	140	150	160	0	0	0.99999999999999634	1.5000000000000036	2.5	4.0000000000000036	4.0000000000000036	4.4999999999999929	4.4999999999999929	5	200 °C	70	80	90	100	110	120	130	140	150	160	-0.50000000000000711	-0.50000000000000711	0.99999999999999634	1.9999999999999927	2.5	2.5	3.499999999999996	3.499999999999996	4.0000000000000036	4.0000000000000036	210 °C	70	80	90	100	110	120	130	140	150	160	-0.99999999999999634	-0.50000000000000711	0	1.9999999999999927	2.5	3.499999999999996	3.499999999999996	4.0000000000000036	4.0000000000000036	4.4999999999999929	Flow (%)


Difference (%)




d)

180 °C	70	80	90	100	110	120	130	140	150	160	-0.50000000000000711	0	0	0.99999999999999634	1.9999999999999927	3.499999999999996	5.5000000000000071	6.999999999999992	10	10.999999999999996	190 °C	70	80	90	100	110	120	130	140	150	160	0	0	0	1.9999999999999927	1.9999999999999927	4.0000000000000036	5	7.5	9.4999999999999929	12.5	200 °C	70	80	90	100	110	120	130	140	150	160	0	0.99999999999999634	0.99999999999999634	1.9999999999999927	2.5	2.5	8.4999999999999964	10	10.999999999999996	13.000000000000005	210 °C	70	80	90	100	110	120	130	140	150	160	0	0.99999999999999634	0.99999999999999634	2.5	3.499999999999996	4.4999999999999929	7.5	9.4999999999999929	11.999999999999993	14.000000000000004	Flow (%)


Difference (%)




e)

180 °C	70	80	90	100	110	120	130	140	150	160	-15.000000000000002	-15.000000000000002	-15.000000000000002	-5.0000000000000044	0	10.000000000000009	12.5	14.999999999999991	14.999999999999991	17.500000000000004	190 °C	70	80	90	100	110	120	130	140	150	160	-17.500000000000004	-17.500000000000004	-15.000000000000002	-5.0000000000000044	0	12.5	17.500000000000004	22.500000000000007	27.499999999999993	30.000000000000004	200 °C	70	80	90	100	110	120	130	140	150	160	-17.500000000000004	-15.000000000000002	-12.5	-2.5000000000000022	5.0000000000000044	17.500000000000004	22.500000000000007	25	27.499999999999993	32.499999999999993	210 °C	70	80	90	100	110	120	130	140	150	160	-19.999999999999996	-17.500000000000004	-15.000000000000002	0	5.0000000000000044	12.5	22.500000000000007	25	30.000000000000004	35.000000000000007	Flow (%)


Difference (%)




f)

180 °C	70	80	90	100	110	120	130	140	150	160	-22.499999999999996	-19.999999999999996	-12.5	0	12.5	19.999999999999996	30.000000000000004	39.999999999999993	44.999999999999993	47.500000000000007	190 °C	70	80	90	100	110	120	130	140	150	160	-17.500000000000004	-15.000000000000002	-12.5	0	12.5	19.999999999999996	25	39.999999999999993	42.500000000000007	44.999999999999993	200 °C	70	80	90	100	110	120	130	140	150	160	-17.500000000000004	-15.000000000000002	-12.5	0	10.000000000000009	17.500000000000004	27.499999999999993	32.499999999999993	42.500000000000007	47.500000000000007	210 °C	70	80	90	100	110	120	130	140	150	160	-19.999999999999996	-15.000000000000002	-7.4999999999999956	2.4999999999999911	14.999999999999991	19.999999999999996	30.000000000000004	35.000000000000007	44.999999999999993	50	Flow (%)


Difference (%)




a)

180 °C	1.2274226384311697	1.316867874921398	1.3297620087820219	1.1755896392874599	2.0219258970924945	4.0937504809159986	1.2274226384311697	1.316867874921398	1.3297620087820219	1.1755896392874599	2.0219258970924945	4.0937504809159986	70	80	90	100	110	120	25.221666666666668	22.106999999999999	4.4609999999999994	7.2829999999999986	13.270333333333333	26.242000000000001	190 °C	0.71920673893765219	2.7453871008171951	1.0953004154112242	1.2620357892442375	4.8387265197914884	5.3334473841972017	0.71920673893765219	2.7453871008171951	1.0953004154112242	1.2620357892442375	4.8387265197914884	5.3334473841972017	70	80	90	100	110	120	26.473333333333333	20.246666666666666	4.4710000000000001	6.5466666666666669	17.893666666666665	22.038	200 °C	2.581298575007033	2.5972293570906095	4.4043851254554625	1.3404735481662193	2.222713731755249	5.3277886594721409	2.581298575007033	2.5972293570906095	4.4043851254554625	1.3404735481662193	2.222713731755249	5.3277886594721409	70	80	90	100	110	120	25.942666666666668	20.101666666666667	9.2863333333333333	6.8226666666666667	11.214666666666666	15.506	210 °C	4.7926652640606431	3.0893617463806318	1.4941355360207458	0.95090605915270787	1.5068461545006293	3.1480187949460108	4.7926652640606431	3.0893617463806318	1.4941355360207458	0.95090605915270787	1.5068461545006293	3.1480187949460108	70	80	90	100	110	120	28.684666666666669	14.323	5.0179999999999998	7.833333333333333	28.615666666666666	29.697666666666663	Flow (%)


Surface Roughness, Ra (µm)




b)

180 °C	1.6195245822615154	4.925242115113261	5.3458562572423656	4.1903826794220107	4.5576931665042864	3.1480187949460108	1.6195245822615154	4.925242115113261	5.3458562572423656	4.1903826794220107	4.5576931665042864	3.1480187949460108	70	80	90	100	110	120	21.528193333333331	7.229940666666665	19.371648666666665	20.782	23.907	29.697666666666663	190 °C	4.7889933911925127	6.6769668889435119	7.6843543217385086	4.8387265197914884	2.4955672701812701	7.8026711024708266	4.7889933911925127	6.6769668889435119	7.6843543217385086	4.8387265197914884	2.4955672701812701	7.8026711024708266	70	80	90	100	110	120	26.049901333333327	14.103349999999999	13.839782666666666	17.893666666666665	21.062999999999999	23.369333333333334	200 °C	1.6558438449721025	5.8623343122442328	8.8594707812948581	2.0234646854673142	2.3458436293438938	3.9856022547832417	1.6558438449721025	5.8623343122442328	8.8594707812948581	2.0234646854673142	2.3458436293438938	3.9856022547832417	70	80	90	100	110	120	25.970738000000001	13.553185999999998	15.851716666666666	19.092333333333332	26.440333333333331	28.819333333333333	210 °C	4.5337401906289436	1.0345407527613395	5.8627417719303851	3.9935158695064614	1.681668913113795	2.5844945992076145	4.5337401906289436	1.0345407527613395	5.8627417719303851	3.9935158695064614	1.681668913113795	2.5844945992076145	70	80	90	100	110	120	24.789637999999997	4.1757600000000004	14.917335333333332	17.047000000000001	28.070666666666668	30.487333333333336	Flow (%)


Surface Roughness, Ra (µm)




a)

180 °C	70	80	90	100	110	120	-1.1666666666666667	-0.66200000000000003	1.9E-2	4.1333333333333333E-2	0.28466666666666668	0.19933333333333333	190 °C	70	80	90	100	110	120	-0.96933333333333327	-1.0106666666666666	0.30499999999999999	0.16166666666666665	0.36999999999999994	0.41166666666666663	200 °C	70	80	90	100	110	120	-0.8763333333333333	-1.3106666666666664	-0.14899999999999999	1.5999999999999997E-2	0.20233333333333334	0.10333333333333332	210 °C	70	80	90	100	110	120	-1.0683333333333334	-1.242	0.23633333333333337	0.69433333333333336	6.7333333333333314E-2	0.29766666666666669	Flow (%)


Skewness, Rsk




b)

180 °C	70	80	90	100	110	120	-0.98166666666666658	-1.1136666666666668	0.70799999999999985	7.0666666666666655E-2	0.49699999999999994	0.29766666666666669	190 °C	70	80	90	100	110	120	-1.0936666666666666	-1.4669999999999999	1.0566666666666666	0.36999999999999994	0.84033333333333327	0.3796666666666666	200 °C	70	80	90	100	110	120	-1.0606666666666669	-1.2473333333333334	1.1500000000000001	0.26666666666666666	0.505	0.24266666666666667	210 °C	70	80	90	100	110	120	-1.3036666666666665	7.7333333333333323E-2	1.2466666666666668	0.68766666666666676	0.34266666666666667	0.47866666666666663	Flow (%)


Skewness, Rsk




c)

180 °C	70	80	90	100	110	120	4.2620000000000005	3.7210000000000001	3.0453333333333332	2.1059999999999999	2.6850000000000001	2.2600000000000002	190 °C	70	80	90	100	110	120	4.5113333333333339	4.7043333333333335	2.5869999999999997	2.6333333333333333	2.7873333333333341	2.5180000000000002	200 °C	70	80	90	100	110	120	3.8376666666666668	5.1670000000000007	3.1743333333333332	1.9546666666666666	2.4106666666666663	2.5196666666666663	210 °C	70	80	90	100	110	120	3.6386666666666669	5.6803333333333326	2.7246666666666663	3.5570000000000004	3.2133333333333334	2.6556666666666668	Flow (%)


Kurtosis, Rku




d)

180 °C	70	80	90	100	110	120	4.09	3.8933333333333331	3.1416666666666671	2.8016666666666663	2.5169999999999999	2.6556666666666668	190 °C	70	80	90	100	110	120	3.7466666666666661	5.1053333333333333	3.8569999999999998	2.7873333333333341	3.3766666666666669	2.3386666666666667	200 °C	70	80	90	100	110	120	4.3906666666666663	4.6273333333333335	4.4146666666666663	3.1583333333333332	2.7600000000000002	2.1186666666666665	210 °C	70	80	90	100	110	120	4.3916666666666666	2.1606666666666663	4.7410000000000005	3.5606666666666666	2.2553333333333332	2.5086666666666666	Flow (%)


Kurtosis, Rku




a)

Rk	8.2570684265058478	8.7486402943543009	2.8650131471484332	3.4250416542479365	13.443385337530621	21.618573318638155	8.2570684265058478	8.7486402943543009	2.8650131471484332	3.4250416542479365	13.443385337530621	21.618573318638155	70	80	90	100	110	120	45.564999999999998	40.847000000000001	12.679333333333332	24.302666666666667	37.272333333333329	81.87866666666666	Rpk	4.0728233859735825	4.6559718999724886	2.3597479385165978	2.2769159697567534	5.8618327338810738	2.6024800351459638	4.0728233859735825	4.6559718999724886	2.3597479385165978	2.2769159697567534	5.8618327338810738	2.6024800351459638	70	80	90	100	110	120	11.959333333333333	17.015666666666664	6.7333333333333334	7.5403333333333329	25.689000000000004	32.649333333333338	Rvk	9.1636036761381838	4.9668290689332144	4.6110760493981608	1.0481469362641858	2.2600498519575454	20.490173962170257	9.1636036761381838	4.9668290689332144	4.6110760493981608	1.0481469362641858	2.2600498519575454	20.490173962170257	70	80	90	100	110	120	89.064666666666668	83.418999999999997	6.6776666666666671	2.6149999999999998	18.236666666666665	27.638000000000002	Flow (%)


Rk, Rpk & Rvk (µm)




b)

Rk	7.3181159688360475	9.5127586430015239	9.4001384564271202	1.2620357892442375	11.106368728496848	24.471004971870929	7.3181159688360475	9.5127586430015239	9.4001384564271202	1.2620357892442375	11.106368728496848	24.471004971870929	70	80	90	100	110	120	48.360666666666667	33.223999999999997	16.331999999999997	6.5466666666666669	45.465333333333341	57.737666666666676	Rpk	4.7288636055610578	7.0432655068512107	5.0900571051151626	10.495872966710934	9.6508757288306874	7.3125086666615262	4.7288636055610578	7.0432655068512107	5.0900571051151626	10.495872966710934	9.6508757288306874	7.3125086666615262	70	80	90	100	110	120	18.03	10.656000000000001	6.8823333333333325	15.690333333333333	40.269666666666666	33.387999999999998	Rvk	12.338437596929712	2.3351994204635593	1.8265076877290543	3.1477870004179129	7.4305008579502925	14.520273447838376	12.338437596929712	2.3351994204635593	1.8265076877290543	3.1477870004179129	7.4305008579502925	14.520273447838376	70	80	90	100	110	120	92.193333333333342	79.972666666666669	5.3073333333333332	8.5259999999999998	23.893000000000001	27.047999999999998	Flow (%)


Rk, Rpk & Rvk (µm)




c)

Rk	11.493352818042268	8.4162782154584441	9.9580147787264028	5.6021730010178548	13.905195180219518	14.850593299034671	11.493352818042268	8.4162782154584441	9.9580147787264028	5.6021730010178548	13.905195180219518	14.850593299034671	70	80	90	100	110	120	31.462	32.970999999999997	22.152333333333331	23.469333333333335	33.175000000000004	44.956333333333333	Rpk	10.936434580489809	2.3161453610111211	1.2605274028490376	1.5790348317880769	14.008625878365088	11.741511160550571	10.936434580489809	2.3161453610111211	1.2605274028490376	1.5790348317880769	14.008625878365088	11.741511160550571	70	80	90	100	110	120	17.388666666666669	16.914666666666665	10.214333333333332	3.9440000000000004	15.226999999999999	26.023666666666667	Rvk	2.3312872695859106	15.374720170895227	8.600688654598148	1.9642709419357947	5.8281511934174546	7.2769760890084054	2.3312872695859106	15.374720170895227	8.600688654598148	1.9642709419357947	5.8281511934174546	7.2769760890084054	70	80	90	100	110	120	96.966666666666654	91.815666666666672	10.677666666666667	3.6303333333333332	11.629333333333335	14.432	Flow (%)


Rk, Rpk & Rvk (µm)




d)

Rk	4.3039064038769856	3.9989629072214909	5.3060910596533626	2.2053199314385199	34.863453132662187	3.1191361517787768	4.3039064038769856	3.9989629072214909	5.3060910596533626	2.2053199314385199	34.863453132662187	3.1191361517787768	70	80	90	100	110	120	39.396333333333338	21.885666666666665	13.492333333333333	23.446999999999999	62.867666666666658	84.158666666666662	Rpk	4.0030341409152799	1.9297907485873511	1.2858352667948321	3.2727551593929873	10.787087852304403	13.464932578120576	4.0030341409152799	1.9297907485873511	1.2858352667948321	3.2727551593929873	10.787087852304403	13.464932578120576	70	80	90	100	110	120	9.6933333333333334	16.115333333333336	7.5676666666666668	15.721666666666664	18.960666666666668	54.484333333333332	Rvk	10.506467405047871	12.56208320038262	3.4416463114813709	4.3708270765763926	6.286499423367518	22.012258546849161	10.506467405047871	12.56208320038262	3.4416463114813709	4.3708270765763926	6.286499423367518	22.012258546849161	70	80	90	100	110	120	98.666666666666671	72.809666666666658	6.8573333333333339	4.7773333333333339	31.668999999999997	84.457666666666668	Flow (%)


Rk, Rpk & Rvk (µm)




a)

Rk	9.2177702363206926	3.2261896997940691	11.482231845078468	27.939421868273055	22.523694242582252	3.1191361517787768	9.2177702363206926	3.2261896997940691	11.482231845078468	27.939421868273055	22.523694242582252	3.1191361517787768	70	80	90	100	110	120	42.357039999999998	10.775272666666666	51.807533333333332	55.434666666666665	62.967333333333336	84.158666666666662	Rpk	4.8010920180314498	3.7598573334302641	3.5676959109393462	12.491366792042141	17.063359897745809	13.464932578120576	4.8010920180314498	3.7598573334302641	3.5676959109393462	12.491366792042141	17.063359897745809	13.464932578120576	70	80	90	100	110	120	6.863757333333333	4.7275326666666659	43.135973333333332	30.635666666666665	39.050000000000004	54.484333333333332	Rvk	8.24705470357347	6.4469574760422734	1.4316508058098518	8.5437697963681885	4.4078227429575074	6.286499423367518	8.24705470357347	6.4469574760422734	1.4316508058098518	8.5437697963681885	4.4078227429575074	6.286499423367518	70	80	90	100	110	120	76.77488666666666	13.061845333333332	6.9855079999999994	27.353666666666669	22.873666666666665	31.668999999999997	Flow (%)


Rk, Rpk & Rvk (µm)




b)

Rk	21.932305195609633	10.980420881332368	12.053521601363869	11.106368728496848	6.6515932176684558	23.890581414719357	21.932305195609633	10.980420881332368	12.053521601363869	11.106368728496848	6.6515932176684558	23.890581414719357	70	80	90	100	110	120	38.858105333333334	25.867360000000001	23.291969333333331	45.465333333333341	49.19133333333334	70.50233333333334	Rpk	3.9163044370091211	6.6403446474769652	16.285501883126042	9.6508757288306874	15.09510423945458	33.1212789658451	3.9163044370091211	6.6403446474769652	16.285501883126042	9.6508757288306874	15.09510423945458	33.1212789658451	70	80	90	100	110	120	8.0110753333333324	15.642335999999998	37.745077333333334	40.269666666666666	49.431999999999995	34.243333333333332	Rvk	12.393610316094369	27.919383990146002	3.3196292516908219	9.6508757288306874	15.09510423945458	33.1212789658451	12.393610316094369	27.919383990146002	3.3196292516908219	9.6508757288306874	15.09510423945458	33.1212789658451	70	80	90	100	110	120	89.270840000000007	49.028942666666666	7.8515633333333321	40.269666666666666	49.431999999999995	34.243333333333332	Flow (%)


Rk, Rpk & Rvk (µm)




c)

Rk	7.5901298985195291	4.1831651431771082	18.47138466267398	8.0473048904586513	1.4310644057250996	7.6301863891607082	7.5901298985195291	4.1831651431771082	18.47138466267398	8.0473048904586513	1.4310644057250996	7.6301863891607082	70	80	90	100	110	120	62.326519999999995	21.359621999999998	31.020512	37.443000000000005	58.904666666666664	89.599333333333334	Rpk	7.2841979528423044	7.2189003668099883	20.49531624622762	17.374015693941686	13.754004035189169	16.342020805273744	7.2841979528423044	7.2189003668099883	20.49531624622762	17.374015693941686	13.754004035189169	16.342020805273744	70	80	90	100	110	120	7.5554839999999999	10.178457333333332	42.036407333333329	55.681333333333335	58.085000000000001	28.147000000000002	Rvk	6.978531088158884	20.816328078483608	9.0044477749604059	8.5065387986732386	1.3816353836426356	13.006930345012227	6.978531088158884	20.816328078483608	9.0044477749604059	8.5065387986732386	1.3816353836426356	13.006930345012227	70	80	90	100	110	120	94.267020000000002	40.149695333333334	11.084136666666666	25.567333333333334	24.956666666666667	22.995999999999999	Flow (%)


Rk, Rpk & Rvk (µm)




d)

Rk	16.943272209397254	3.3600084711228484	17.827206386951076	12.746793492221226	22.47738345537579	22.058124542520169	16.943272209397254	3.3600084711228484	17.827206386951076	12.746793492221226	22.47738345537579	22.058124542520169	70	80	90	100	110	120	52.251186666666662	12.963059333333334	27.949482666666668	49.434333333333335	81.331000000000003	81.368333333333339	Rpk	5.533194686079403	1.6683419632609318	14.002588597260607	3.8838628108280755	14.690127989004489	21.371669588499657	5.533194686079403	1.6683419632609318	14.002588597260607	3.8838628108280755	14.690127989004489	21.371669588499657	70	80	90	100	110	120	6.5076493333333332	4.2129286666666665	48.970353333333328	38.301666666666669	39.775333333333336	49.707999999999998	Rvk	11.109188507735515	0.94544703962164411	2.363172733517656	5.0624335386584001	20.397029293502516	12.13238823700153	11.109188507735515	0.94544703962164411	2.363172733517656	5.0624335386584001	20.397029293502516	12.13238823700153	70	80	90	100	110	120	83.403439999999989	4.6637786666666665	10.392494666666666	16.759666666666664	28.153000000000002	37.478333333333332	Flow (%)


Rk, Rpk & Rvk (µm)




a)

Mr1	3.9950164371793733	3.8785765859827173	2.9514583400978847	4.3183076932211959	1.8138098944854522	2.4209962825250493	3.9950164371793733	3.8785765859827173	2.9514583400978847	4.3183076932211959	1.8138098944854522	2.4209962825250493	70	80	90	100	110	120	10.512666666666666	10.454333333333333	14.133666666666668	9.9586666666666659	6.2876666666666665	14.720999999999998	Mr2	3.5398455239365054	2.2137825849286408	3.4302693771772526	2.9554113644860576	9.5827700240240166	7.2935330944611483	3.5398455239365054	2.2137825849286408	3.4302693771772526	2.9554113644860576	9.5827700240240166	7.2935330944611483	70	80	90	100	110	120	77.950333333333333	80.646333333333345	93.016999999999996	93.87533333333333	82.62533333333333	92.25	Flow (%)


Mr1 & Mr2 (%)




b)

Mr1	6.7574650079251919	10.406640011710472	13.425496576787516	4.622555894740481	3.4750548676723567	5.4215240477194122	6.7574650079251919	10.406640011710472	13.425496576787516	4.622555894740481	3.4750548676723567	5.4215240477194122	70	80	90	100	110	120	14.429666666666668	13.025333333333334	15.566666666666668	11.646000000000001	14.287666666666667	19.696000000000002	Mr2	2.304931307725528	2.2483823073490012	4.8807536644798404	12.582037050229033	5.0652204624609745	5.1776657868193885	2.304931307725528	2.2483823073490012	4.8807536644798404	12.582037050229033	5.0652204624609745	5.1776657868193885	70	80	90	100	110	120	78.833333333333329	79.042000000000002	86.308666666666667	84.00033333333333	84.429666666666662	88.667000000000016	Flow (%)


Mr1 & Mr2 (%)




c)

Mr1	7.1620770730284615	1.7933412949017815	8.9615320304808002	1.8749683552885192	6.1699034298223303	4.7186320051472492	7.1620770730284615	1.7933412949017815	8.9615320304808002	1.8749683552885192	6.1699034298223303	4.7186320051472492	70	80	90	100	110	120	16.971	15.442	18.150333333333332	5.8753333333333337	7.4333333333333327	13.272	Mr2	7.7587309744141315	2.5232828484601799	3.8459857427366146	7.6299710571753367	9.0052511347546531	4.2028512147509236	7.7587309744141315	2.5232828484601799	3.8459857427366146	7.6299710571753367	9.0052511347546531	4.2028512147509236	70	80	90	100	110	120	74.829333333333338	82.254333333333335	90.050333333333313	89.233333333333334	84.966999999999999	87.416666666666671	Flow (%)


Mr1 & Mr2 (%)




d)

Mr1	1.6314660074096958	6.1853279083111952	4.9587269535637883	0.974922048165904	5.3460435214589648	4.9050609578271347	1.6314660074096958	6.1853279083111952	4.9587269535637883	0.974922048165904	5.3460435214589648	4.9050609578271347	70	80	90	100	110	120	5.1543333333333337	16.900333333333336	17.521000000000001	12.991999999999999	12.233666666666666	14.746	Mr2	6.2930502408079789	2.534496596959638	2.8369845493645731	2.4369563667274265	13.667682917500354	3.6354811235928648	6.2930502408079789	2.534496596959638	2.8369845493645731	2.4369563667274265	13.667682917500354	3.6354811235928648	70	80	90	100	110	120	72.675333333333342	83.417000000000002	91.200333333333333	96.154333333333341	82.687666666666658	86.620999999999995	Flow (%)


Mr1 & Mr2 (%)




a)

Mr1	3.2704166401240071	4.2285488054414104	4.9740399073590043	2.1045090480521473	6.9111775407668476	4.9050609578271347	3.2704166401240071	4.2285488054414104	4.9740399073590043	2.1045090480521473	6.9111775407668476	4.9050609578271347	70	80	90	100	110	120	4.55	8.0129999999999999	17.016999999999999	14.854666666666667	20.437999999999999	14.746	Mr2	2.1682726612059975	1.3137565730885359	4.3635562331657871	9.8011388623975702	2.9118733374467607	3.6354811235928648	2.1682726612059975	1.3137565730885359	4.3635562331657871	9.8011388623975702	2.9118733374467607	3.6354811235928648	70	80	90	100	110	120	80.012666666666675	72.208666666666673	92.146000000000001	83.221000000000004	91.137666666666675	86.620999999999995	Flow (%)


Mr1 & Mr2 (%)




b)

Mr1	1.6229930170316	1.4348018446229192	4.1600328123706243	3.4750548676723567	2.529727850975287	7.2650342738351892	1.6229930170316	1.4348018446229192	4.1600328123706243	3.4750548676723567	2.529727850975287	7.2650342738351892	70	80	90	100	110	120	7.9793333333333329	8.5876666666666654	25.045999999999996	14.287666666666667	20.367000000000001	10.692	Mr2	7.8312401955245887	2.2560931570600835	3.5338043239545729	5.0652204624609745	1.6885071315612903	3.9509492530276851	7.8312401955245887	2.2560931570600835	3.5338043239545729	5.0652204624609745	1.6885071315612903	3.9509492530276851	70	80	90	100	110	120	74.846000000000004	78.604333333333329	89.966999999999985	84.429666666666662	91.812666666666658	92.674999999999997	Flow (%)


Mr1 & Mr2 (%)




c)

Mr1	3.4362346155833623	2.4878249536492629	4.0484078763550109	5.9862242969448696	2.6244443856430522	5.9425371685838009	3.4362346155833623	2.4878249536492629	4.0484078763550109	5.9862242969448696	2.6244443856430522	5.9425371685838009	70	80	90	100	110	120	5.083333333333333	8.8960000000000008	22.812666666666669	19.554333333333336	23.021333333333331	13.871	Mr2	1.3071271297518576	5.1795270054320595	0.16947861221994368	8.8730635258254136	0.43066576367294779	6.5089981051874179	1.3071271297518576	5.1795270054320595	0.16947861221994368	8.8730635258254136	0.43066576367294779	6.5089981051874179	70	80	90	100	110	120	83.704333333333338	74.2	90.317000000000007	86.687666666666658	89.171000000000006	89.912666666666667	Flow (%)


Mr1 & Mr2 (%)




d)

Mr1	4.6317039341189874	6.4503376914184392	1.1907587217120572	2.1652078422174657	6.6600830575401382	6.009780056984888	4.6317039341189874	6.4503376914184392	1.1907587217120572	2.1652078422174657	6.6600830575401382	6.009780056984888	70	80	90	100	110	120	8.2753333333333341	9.783666666666667	21.250333333333334	13.962999999999999	18.025333333333336	18.725333333333335	Mr2	1.0002031460325091	1.7929648630132178	6.3178561500981747	1.9678668654154465	4.0754089774319953	7.280992240072778	1.0002031460325091	1.7929648630132178	6.3178561500981747	1.9678668654154465	4.0754089774319953	7.280992240072778	70	80	90	100	110	120	80.275333333333336	89.471000000000004	88.937666666666658	91.524999999999991	94.116666666666674	89.370999999999981	Flow (%)


Mr1 & Mr2 (%)




a)

180 °C	0	0.11547005383792526	5.7735026918962505E-2	0	5.773502691896263E-2	5.773502691896263E-2	5.7735026918962373E-2	5.773502691896263E-2	5.773502691896263E-2	0.10000000000000009	0	0.11547005383792526	5.7735026918962505E-2	0	5.773502691896263E-2	5.773502691896263E-2	5.7735026918962373E-2	5.773502691896263E-2	5.773502691896263E-2	0.10000000000000009	70	80	90	100	110	120	130	140	150	160	2.2999999999999998	2.0666666666666669	1.6666666666666667	1.8	2.0333333333333332	2.1333333333333333	2.2333333333333334	2.333333333333333	2.3666666666666667	2.4	190 °C	5.7735026918962373E-2	0.15275252316519469	0	0.15275252316519469	0.10000000000000009	5.773502691896263E-2	5.7735026918962373E-2	0.11547005383792501	0.23094010767585024	0.1527525231651948	5.7735026918962373E-2	0.15275252316519469	0	0.15275252316519469	0.10000000000000009	5.773502691896263E-2	5.7735026918962373E-2	0.11547005383792501	0.23094010767585024	0.1527525231651948	70	80	90	100	110	120	130	140	150	160	2.2333333333333334	1.9666666666666668	1.8	1.8333333333333333	2	2.1333333333333333	2.2666666666666666	2.3333333333333335	2.3333333333333335	2.4666666666666668	200 °C	5.773502691896263E-2	5.7735026918962505E-2	0.11547005383792512	0	5.773502691896263E-2	9.9999999999999867E-2	0.15275252316519458	0.10000000000000009	0.11547005383792526	0.25166114784235832	5.773502691896263E-2	5.7735026918962505E-2	0.11547005383792512	0	5.773502691896263E-2	9.9999999999999867E-2	0.15275252316519458	0.10000000000000009	0.11547005383792526	0.25166114784235832	70	80	90	100	110	120	130	140	150	160	1.9333333333333333	1.8666666666666665	1.5666666666666667	1.8	2.1333333333333333	2.1999999999999997	2.3666666666666667	2.4	2.4333333333333331	2.4666666666666668	210 °C	0.20000000000000007	5.773502691896263E-2	5.773502691896263E-2	5.773502691896263E-2	9.9999999999999867E-2	5.7735026918962373E-2	0.1527525231651948	5.773502691896263E-2	0.11547005383792526	0.3464101615137769	0.20000000000000007	5.773502691896263E-2	5.773502691896263E-2	5.773502691896263E-2	9.9999999999999867E-2	5.7735026918962373E-2	0.1527525231651948	5.773502691896263E-2	0.11547005383792526	0.3464101615137769	70	80	90	100	110	120	130	140	150	160	2	2.0333333333333332	2.1333333333333333	2.1333333333333333	2.2000000000000002	2.2666666666666666	2.4333333333333336	2.4666666666666668	2.5333333333333332	2.6	Flow (%)


Transmission Time (µs)




b)

180 °C	0.11547005383792514	5.7735026918962498E-2	9.9999999999999978E-2	0.10000000000000009	5.773502691896263E-2	0.11547005383792526	0.15275252316519458	5.773502691896263E-2	0.30550504633038938	5.7735026918962373E-2	0.11547005383792514	5.7735026918962498E-2	9.9999999999999978E-2	0.10000000000000009	5.773502691896263E-2	0.11547005383792526	0.15275252316519458	5.773502691896263E-2	0.30550504633038938	5.7735026918962373E-2	70	80	90	100	110	120	130	140	150	160	1.8333333333333333	1.6333333333333335	1.9000000000000001	2.1	2.3666666666666667	2.4666666666666668	2.7666666666666671	3.3333333333333335	3.7333333333333329	4.0666666666666664	190 °C	0	9.9999999999999978E-2	5.773502691896263E-2	0	5.7735026918962373E-2	5.773502691896263E-2	9.9999999999999867E-2	0.11547005383792526	0.1527525231651948	0.152752523165195	0	9.9999999999999978E-2	5.773502691896263E-2	0	5.7735026918962373E-2	5.773502691896263E-2	9.9999999999999867E-2	0.11547005383792526	0.1527525231651948	0.152752523165195	70	80	90	100	110	120	130	140	150	160	2	1.8	1.9666666666666668	2	2.2333333333333334	2.5666666666666664	2.8000000000000003	3.1333333333333333	3.4333333333333336	4.2666666666666666	200 °C	0.11547005383792526	0.20816659994661332	0.11547005383792526	0	9.9999999999999867E-2	0	9.9999999999999867E-2	0.15275252316519461	0.32145502536643172	0.30550504633038938	0.11547005383792526	0.20816659994661332	0.11547005383792526	0	9.9999999999999867E-2	0	9.9999999999999867E-2	0.15275252316519461	0.32145502536643172	0.30550504633038938	70	80	90	100	110	120	130	140	150	160	1.9666666666666668	2.0333333333333337	2.0333333333333332	2.1	2.3000000000000003	2.5	2.7999999999999994	3.3333333333333335	3.4333333333333336	4.166666666666667	210 °C	5.773502691896263E-2	0.10000000000000009	5.773502691896263E-2	0.15275252316519461	9.9999999999999867E-2	0.15275252316519461	0.1732050807568879	0.17320508075688787	0.30550504633038938	0.40414518843273811	5.773502691896263E-2	0.10000000000000009	5.773502691896263E-2	0.15275252316519461	9.9999999999999867E-2	0.15275252316519461	0.1732050807568879	0.17320508075688787	0.30550504633038938	0.40414518843273811	70	80	90	100	110	120	130	140	150	160	2.0333333333333332	2.1	2.0333333333333332	2.3333333333333335	2.7000000000000006	2.8333333333333335	3.5	3.5	3.8666666666666671	4.0333333333333332	Flow (%)


Transmission Time (µs)




a)

180 °C	23.288051299611421	71.472605474638556	53.028294334251406	63.023805026354921	68.068592855540459	40.513372277969324	28.160255680657446	52.915026221291811	32.145502536643185	111.18153323881323	23.288051299611421	71.472605474638556	53.028294334251406	63.023805026354921	68.068592855540459	40.513372277969324	28.160255680657446	52.915026221291811	32.145502536643185	111.18153323881323	70	80	90	100	110	120	130	140	150	160	610.33333333333337	961.66666666666663	1688	1812	1896.6666666666667	2132.6666666666665	2161	2280	2313.3333333333335	2107.3333333333335	190 °C	65.574385243020004	114.49162997063729	137.58754788618529	87.017239671228367	51.316014394468844	127.89970028633114	32.192131543800166	54.601587278515389	63.150613615387776	93.409492736730627	65.574385243020004	114.49162997063729	137.58754788618529	87.017239671228367	51.316014394468844	127.89970028633114	32.192131543800166	54.601587278515389	63.150613615387776	93.409492736730627	70	80	90	100	110	120	130	140	150	160	660	981.66666666666663	1604.3333333333333	1898	2113.3333333333335	2233.3333333333335	2307.6666666666665	2549.3333333333335	2636	2461.3333333333335	200 °C	64.291005073286371	78.307087801807569	97.12534856222311	85.158675424175073	58.380932960456647	52.915026221291811	81.770002649708488	118.44970803397251	128.64291663360248	23.065125189341593	64.291005073286371	78.307087801807569	97.12534856222311	85.158675424175073	58.380932960456647	52.915026221291811	81.770002649708488	118.44970803397251	128.64291663360248	23.065125189341593	70	80	90	100	110	120	130	140	150	160	763.33333333333337	1002	1777.3333333333333	1976	2063.3333333333335	2240	2345.3333333333335	2486.3333333333335	2443	2273	210 °C	70	68.383721259765721	125.34086856781124	58.923679450624938	80.208062770106423	99.289140057376542	79.53825075605657	135.05677818359706	55.500750745673102	104.40945040241009	70	68.383721259765721	125.34086856781124	58.923679450624938	80.208062770106423	99.289140057376542	79.53825075605657	135.05677818359706	55.500750745673102	104.40945040241009	70	80	90	100	110	120	130	140	150	160	780	1065.6666666666667	1656.3333333333333	1768	2096.6666666666665	2178.3333333333335	2329.3333333333335	2590.3333333333335	2800.3333333333335	2745.3333333333335	Flow (%)


Average Load (N)




b)

180 °C	93.489749883788505	136.23998434135748	89.946280264018327	107.01401777337396	70	61.849279165834531	57.95112883571236	74.081036709808544	69.61561127601577	30.664855018951801	93.489749883788505	136.23998434135748	89.946280264018327	107.01401777337396	70	61.849279165834531	57.95112883571236	74.081036709808544	69.61561127601577	30.664855018951801	70	80	90	100	110	120	130	140	150	160	949.66666666666663	1299.3333333333333	1439.6666666666667	1588	1680	1841.3333333333333	1971.6666666666667	2006	2089.3333333333335	2070.6666666666665	190 °C	43.108390521258542	63.169085265922071	35.851545759330008	33.842773723992153	45.390894828515258	68.30324540849675	57.492028432934362	40	46.184412955021955	137.20908619086904	43.108390521258542	63.169085265922071	35.851545759330008	33.842773723992153	45.390894828515258	68.30324540849675	57.492028432934362	40	46.184412955021955	137.20908619086904	70	80	90	100	110	120	130	140	150	160	891.66666666666663	1205.3333333333333	1531.3333333333333	1708.6666666666667	1823.6666666666667	1834.6666666666667	1914.6666666666667	1940	2051	2157.6666666666665	200 °C	40.414518843273804	38.742741255621034	54.307764945110137	50.649119768593543	67.71508940652248	114.91446094088131	121.02203656084016	40.583247775406051	62.819848243475832	58.594652770823153	40.414518843273804	38.742741255621034	54.307764945110137	50.649119768593543	67.71508940652248	114.91446094088131	121.02203656084016	40.583247775406051	62.819848243475832	58.594652770823153	70	80	90	100	110	120	130	140	150	160	966.66666666666663	1389	1577.3333333333333	1674.6666666666667	1691.3333333333333	1774.6666666666667	1825.6666666666667	1953	2272.6666666666665	2123.3333333333335	210 °C	50.362022728771855	61.101009266077867	63.955713844294891	32.331615074619044	44.814432199162511	45.445938579078032	62.171804970849394	92.016302903344254	80.074964876670407	101.20770721639731	50.362022728771855	61.101009266077867	63.955713844294891	32.331615074619044	44.814432199162511	45.445938579078032	62.171804970849394	92.016302903344254	80.074964876670407	101.20770721639731	70	80	90	100	110	120	130	140	150	160	972.33333333333337	1353.3333333333333	1460.3333333333333	1554.6666666666667	1681.6666666666667	1771.3333333333333	1958.6666666666667	2143	1982	1936	Flow (%)


Average Load (N)




a)

Load	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

25.221666666666668	22.106999999999999	4.4609999999999994	7.2829999999999986	13.270333333333333	26.242000000000001	26.473333333333333	20.246666666666666	4.4710000000000001	6.5466666666666669	17.893666666666665	22.038	25.942666666666668	20.101666666666667	9.2863333333333333	6.8226666666666667	11.214666666666666	15.506	28.684666666666669	14.323	5.0179999999999998	7.833333333333333	28.615666666666666	29.697666666666663	610.33333333333337	961.66666666666663	1688	1812	1896.6666666666667	2132.6666666666665	660	981.66666666666663	1604.3333333333333	1898	2113.3333333333335	2233.3333333333335	763.33333333333337	1002	1777.3333333333333	1976	2063.3333333333335	2240	780	1065.6666666666667	1656.3333333333333	1768	2096.6666666666665	2178.3333333333335	S1	S2	S3	S4	S5	S6	S7	S8	S9	S10	S11	S12	S13	S14	S15	S16	S17	S18	S19	S20	S21	S22	S23	S24	Average Surface Roughness, Ra (µm)


Average Load (N)



b)

Load	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

21.528193333333331	7.229940666666665	19.371648666666665	20.782	23.907	29.697666666666663	26.049901333333327	14.103349999999999	13.839782666666666	17.893666666666665	21.062999999999999	23.369333333333334	25.970738000000001	13.553185999999998	15.851716666666666	19.092333333333332	26.440333333333331	28.819333333333333	24.789637999999997	4.1757600000000004	14.917335333333332	17.047000000000001	28.070666666666668	30.487333333333336	949.66666666666663	1299.3333333333333	1439.6666666666667	1588	1680	1841.3333333333333	891.66666666666663	1205.3333333333333	1531.3333333333333	1708.6666666666667	1823.6666666666667	1834.6666666666667	966.66666666666663	1389	1577.3333333333333	1674.6666666666667	1691.3333333333333	1774.6666666666667	972.33333333333337	1353.3333333333333	1460.3333333333333	1554.6666666666667	1681.6666666666667	1771.3333333333333	S1	S2	S3	S4	S5	S6	S7	S8	S9	S10	S11	S12	S13	S14	S15	S16	S17	S18	S19	S20	S21	S22	S23	S24	Average Surface Roughness, Ra (µm)


Average Load (N)
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