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Abstract: This paper presents a comparative study on the 

effect of multi-machine laser powder bed fusion 

manufacturing on the  quality of 316L stainless steel parts. 

Within industry, often the same additive manufacturing 

machines are used for research and development of 

components as are used for production. However, there is a 

challenge in terms of determining how the machine set-up 

and resulting part quality from one machine translates to 

another machine. This work determines the effect of 

varying machines and operators on the resultant part 

qualities. A build plate with specimens designed for the 

quantification of key material parameters was designed and 

manufactured on three different EOS M280 machines at 

different locations.  This research shows the requirement to 

develop optimised part parameters for each AM machine 

and also the requirement for the standardisation of powder 

bed packing, which directly affect the build quality.  

 

Key words: Additive manufacturing, Cross-site 

manufacturing, 316L stainless steel, Process Quality, AM 

Product Development, metrology. 

 

1. INTRODUCTION 

 
Additive Manufacturing (AM) is a fast-developing 

manufacturing technology that has evolved from a 

rapid prototyping tool to a production technology and 

is playing a key role in Industry 4.0 by enhancing 

competitiveness, as well as creating new 

manufacturing trends (Zhai et al., 2014; Dilberoglu et 

al., 2017). AM refers to bottom-up methods of 

manufacturing through a layer-by-layer deposition of 

material. AM expands the design space for the 

complex objects (Diegel et al., 2019; Chantzis et al., 

2021), enabling exploration of new material 

properties, optimisation of components and parts 

(Kugaevskii et al., 2019); thus, it is projected to 

disrupt supply chains for many manufacturing 

industries. Laser powder bed fusion (L-PBF) is one of 

the most commonly used metal AM techniques in 

highly regulated industries, such as the biomedical 

device industry. L-PBF systems, shown in Figure1, 

produce parts by distributing metal powder across 

build plate and selectively melting the required area 

as defined by a 3D CAD design, converted into 2D 

slice format. The build platform is then lowered by 

one layer-height and a new layer of powder is 

deposited on the build plate by a re-coater blade. The 

process repeats layer-by layer until part is complete. 

 

 
Fig. 1 Schematic diagram of L-PBF Process (image 

courtesy of Quinn et al. (2019a)) 
 

Mahesh et al.(2002) described benchmarking as a 

process to identify the “highest standards of 

excellence for products, services, and processes”. 

Benchmarking is a known methodology to assess the 

capabilities and limitations of a process, in this case, 

the L-PBF AM process. It also identifies optimisation 

approaches and other manufacturing and process 

information. Mahesh et al.(2005) also proposed a 

classification for benchmarking of AM processes, 

depending on the purpose. These were divided into 

three groups: 

 Geometrical benchmark: to evaluate and compare 

the geometrical and dimensional accuracy of the 

AM parts. 

 Mechanical benchmark: a standard design of 

components to analyse and compare the AM parts 

mechanical properties such as ultimate tensile 

strength, shrinkage and creep properties.  

 Process benchmark: This covers all the 
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benchmarking artefacts which are used to optimize 

the process, for example, to define the optimised 

process parameters for a given material or product. 

With the increasing application of AM, many L-PBF 

systems have been developed and are available in 

the market for the manufacturing industry, each with 

its strengths and limitations. Moshiri et al.(2019) 

conducted an extensive benchmarking of L-PBF 

machines across five top machine producers and two 

end users. They designed an artefact for the study 

that was manufactured using maraging steel grade 

300. It was found that user experience and expertise 

heavily influenced the final quality of product.  

Within industry, companies typically have machines 

dedicated to research and development or 

production. To allow for translation of the research 

to the production of parts, many companies choose 

to use the same machines throughout their research 

and manufacturing facilities. Therefore, there is a 

challenge in terms of determining how the machine 

set-up and resulting part quality from one machine 

translates to another machine by the same 

manufacturer. Furthermore, often as a company 

expands their AM facilities to increase production 

capacity, they must understand how part qualities 

differ from machine-to-machine.  

This research presents a comparative study into the 

effect of multi-machine manufacturing using standard 

parameters and 316L powder from a single batch, on 

the resulting part qualities. A build plate with 

specimens designed for the quantification of key 

material parameters, such as surface roughness, part 

density, dimensional accuracy, residual stress and 

mechanical properties, was designed and printed on 

three different EOS M280 L-PBF machines in 

different locations. The effect of powder packing on 

the build qualities was also investigated by inducing 

an unevenly packed powder bed within the process. 

This research characterises the effect of multi-

machine-multi-operator set-up on resultant part 

qualities. This is of direct relevance to modern 

manufacturing in a research and development and 

production environment.  

 

2. METHODS AND MATERIALS  

 

2.1 Manufacturing layout and set-up 

A build plate of investigative parts was designed to 

capture different part qualities. The part qualities 

investigated have been identified as critical qualities 

for AM parts as per ISO 17296 (ISO/TC 261 

Additive manufacturing, 2015). This research 

focuses on four of these properties as follows (see 

Table 1):  

  Build material requirements: density and 

microstructure analysis.  

  Geometric requirements: dimensional and 

geometrical tolerance.  

  Surface requirements: surface roughness.  

  Mechanical requirements: hardness and tensile 

strength. 

  L-PBF Process requirements: powder distribution 

and packing on the build plate. 

The build plate layout and parts are presented in 

Figure 2. This build file was manufactured in three 

locations (Sites A, B and C) on EOS M280 machines 

using the same machine parameters. This allows for 

the investigation of the effect of multi-machine 

manufacturing, including cross-site manufacturing 

and multiple operators, on the quality of parts 

produced using L-PBF.  

In this study, parts were manufactured using gas-

atomized 316L stainless steel virgin powder supplied 

by LPW Technology Ltd. (now Carpenter Additive) 

(Technical Data Sheet CT PowerRange 316L F, 

2019). The powder used in all three manufacturing 

sites was from a common powder batch. The purpose 

of using virgin powder from the same batch was to 

avoid any effects of recycled powder (P. Quinn et al., 

2019b) or differences between powder batches that 

could influence the results of this study (Sun et al., 

2018). A common build file was developed at Site A, 

to be used across the remaining manufacturing sites. 

This file ensured that the same build file, part layout 

and laser parameters were used for the entire study. 

The laser calibration records for each manufacturing 

site were also requested to ensure all machines were 

sufficiently calibrated. This procedure was selected in 

order to replicate multiple machine manufacturing 

within an industrial setting. This procedure ensured 

that the only variable that was unknown in the study 

was the initial operator set-up. Once manufactured all 

parts were removed from the build plate using Wire 

Electric Discharge Machining and tested at Site A. 
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Fig. 2. Build Plate Layout 
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Table 1. Test Summary 

Part 

Characteristics 

Test method Part 

Density 
Cross-sectional 

analysis 

 
Density Cube 

Microstructure 

Cross-

sectional 

analysis 

Part dimensional 

accuracy 

Coordinate 

measurement 
 

Calibration Plate 

Feature 

dimensional 

accuracy 

SEM Imaging 

and image 

analysis  
Geometry Block 

Surface 

roughness 

White light 

interferometry  
Overhang 

Hardness 

Zwick Roell 

Rockwell 

hardness 

testing 
 

Geometry Block 

Residual Stress 
Deformation 

measurement  
Arch 

Tensile Strength 
Tensile 

testing  
 

Tensile specimen 

Powder 

distribution 

during 

manufacturing 

Gas 

pycnometry 
 

Powder Capsule 
 

2.2 Characterisation methods 

Part density and microstructural analysis  

Sample density was calculated in terms of the 

porosity within the build part. For porosity 

measurements, cubes were built in the four corners of 

each build plate (see Figure 2). These cubes were 

ground and polished to reveal the internal bulk 

material. A Keyence Digital Microscope at x200 

magnification was used to image five locations on the 

cube. The percentage porosity was calculated using 

image manipulation in ImageJ (Schneider et al., 

2012). The average density from five measurements 

was used for part density measurements.  

Furthermore, the microstructural inspection was done on 

the same specimens by etching with Fry’s reagent for 60 

to 90 seconds. The etched surfaces were imaged using a 

Keyence Digital Microscope at x200 magnification.    
  
Dimensional accuracy 

A calibration plate (as shown in Figure 3) is a 

standard part designed by EOS (EOS Gmbh, 2014) to 

test the laser accuracy of the machine. This part was 

printed to investigate the differences between laser 

histories at the different manufacturing sites. During 

the life of each printer, the output power of the laser 

and laser beam focus will change, as the accumulated 

laser exposure hours increase. The laser power will 

affect the curing zone of the laser and thus, the 

required laser scaling and offset for the machine. 

These changes can be tracked during the servicing of 

the printer and can be adjusted via laser offset and 

scaling parameters. To allow for direct comparison 

between build sites in this study, each manufacturer 

used the same values for these parameters. The 

calibration plate used to measure the differences 

between the M280 laser offset and scaling for each 

manufacturing site is presented in Figure 3. 

 

 
Fig. 3. Calibration plate with nominal dimensions 

 

A QVI Smartscope CNC 500, with a dimensional 

resolution of approximately 0.5 µm, was used to 

measure the dimensions of the calibration plate, as 

shown in Figure 3 before the parts were removed from 

the build plate. This ensured the plate was measured in 

its as built state. Using these measurements, the scaling 

factor and the offset in the laser beam were calculated. 

The scaling factor for dimensional accuracy represents 

the deviation of the actual manufactured length from 

the nominal design length of a part. A zero-scaling 

factor result would represent the machine producing 

the nominal dimension. Positive scaling factor shows 

that the as-built dimension was less than the nominal 

dimension for the part; similarly, a negative scaling 

factor indicates that the actual dimension was bigger 

than nominal dimension. The scaling factor was 

calculated using the dimension of the distance between 

the holes centre, as follows: 

 

Scaling Factor = ((Nominal length)/(Actual 

length))*100-100                          (1) 
   

where the nominal length was the designed (CAD) 

length, and the actual length was as measured. The 
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distance between the centres of the holes was used as 

there would be no effect on the centre of the hole due 

to any laser deviation. The scaling factor was found 

using dimensions 5, 6, 7, and 8 in Figure 3 and 

averaged for the x- and y-directions. The nominal 

deviation was calculated using dimensions 1, 2, 3, 

and 4 using the calculated scaling factor, as follows: 

 

Nominal Deviation = (Actual length (100+ 

 Scaling Factor))/100  (2) 

  

The beam deviation (or beam offset) can be defined as 

the deviation of the laser from its nominal scan path. 

This beam deviation can be used to calibrate the laser by 

correcting the beam offset value. The beam deviation 

for each site was calculated using equation (3), below. 

The average beam deviation for dimensions 5 to 8 was 

compared between the different sites. 

 

Beam Deviation = ((Nominal Deviation –  

 Nominal length))/2   (3) 

  

Furthermore, a geometry block was printed and 

inspected to measure the accuracy of the machine in 

terms of manufacturing features, such as slots and the 

the circularity of a hole built in the z-direction. The 

measurements of the slots were completed using 

Scanning Electron Microscopy (SEM) imaging at 

x500 magnification. For the circularity of the hole, 

images were taken using a Smartscope CNC 500 at 

x32.5 and circularity was calculated through image 

analysis using ImageJ software (Schneider et al., 

2012). The circularity, C, of the hole is given by: 

 

 C=4π(A/P^2) (4) 

 

where A is the area of the hole and P is the perimeter 

of the hole. A circularity value of 1 depicts a 

perfectly circular hole (Cox, 1927).  

 

Surface roughness 

Surface roughness was measured using Bruker Contour 

GT-K white light interferometry (WLI) with a vertical 

resolution of approximately 0.1 nm. This technology 

allows for non-contact measurement of the arithmetic 

mean, Ra, of the surface profile. Five measurements at 

x27.5 magnification of each overhanging surface were 

measured and averaged to provide a greater 

representation of the overall surface roughness. 

 

Mechanical properties  

Part hardness was measured on ground and polished 

surfaces of the geometry block using a Zwick Roell 

Rockwell hardness tester with a 1/16” ball indenter 

on the HRB scale in x, y and z-directions. Calibration 

of the instrument was confirmed using a standard 

block before testing and three hardness measurements 

of each surface were recorded and then averaged.  

Tensile specimens built in the z-direction were 

machined on a lathe and tested using Instron 8801 

100 kN tensile testing machine at 3 mm/min 

crosshead speed as per the ASTM Standard (ASTM 

Standard E8/E8M-13a, 2013) and the recorded stress 

and strain data was plotted. The z direction was tested 

as this will provide us with the lowest tensile value 

for L-PBF samples (Diegel et al., 2019).  

 

(a)

(b)  
Fig. 4. (a) Exaggerated effect of residual stress on the 

deformation on the arch, and (b) Simply supported beam 

with a constant load applied and its corresponding shear 

force and bending moment diagrams 

 

Residual stress measurement 

Due to the thermal history of the part during the 

additive manufacturing process, residual stresses is 

generated within components, which can affect the 

fatigue life, corrosion resistance, crack propagation, 

the overall form and dimensional accuracy of parts 

(Li et al., 2018). To quantify residual stress from the 

builds an arched test piece was designed and built. 

After the build was completed, the arched 

components were removed from the plate and the 

distortion of the part was measured using QVI 

Smartscope CNC 500 at x32.5 magnification. Figure 

4(a) shows an exaggerated effect of residual stress on 
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the arch illustrating the measured deformation, δ, at 

the centre of the arch. The deformation of the arch 

was considered to be equivalent to that of a simply 

supported beam under a constant load, as shown in 

Figure 4(b). Using beam mechanics, the residual 

stress associated with the deformation of the arched 

specimen was calculated (Hibbler, 2016) as the 

maximum stress, σR, at the centre of the arch is 

expressed as follows: 
 

 σR ≈  3200δ/3  (5) 
 

Powder distribution during manufacturing 

Powder distribution across the build plate is one of 

the most important factors for the manufacture of 

consistent parts by L-PBF. Studies done by Benson 

and Snyders (2015) and Sutton et al. (2016) found 

that powder size and its distribution on build plate 

affect the part. In this research, the focus is on the 

powder distribution across the build plate using 

brush recoater in for the same build in different 

machines. To investigate this, powder capsules were 

placed at 6 positions across the build plate, as shown 

in Figure 2. The locations were chosen to be at the 

four extreme corners of the build plate, as well as 

before and after a part with a large cross-section. 

The location of these samples was selected in order 

to assess the powder deposition process in the four 

extremes of the build plate as well as assessing the 

influence of large parts on the powder distribution. 

The density of these capsules was measured using a 

Micromeritics AccuPyc Helium pycnometer. 
 

3.  RESULTS 
 

3.1  Effect of multi-site manufacturing on part 

qualities 

Part density and microstructural analysis 

Figure 5 presents examples of the binary images at 

x200 magnification used to measure percentage 

density for each manufacturing site. Pores in the parts 

are shown as black specks on the solid white base 

metal.  

Visually, parts produced at Site A are the best in 

terms of part densities and parts produced at Site C 

are the most porous. This was confirmed through 

image analysis of all the cross-section images of the 

cubes build at each manufacturing site. Therefore, 

there is an effect of multi-machine (or cross-site) 

manufacturing on the quality of the parts produced, in 

terms of bulk material density.  

Figure 6 presents the etched micro-sections of parts 

build at each manufacturing site. To meet the 

desired microstructure, parts should have a uniform 

fusion of grain and should not contain any unfused 

powder within the microstructure. Samples from all 

sites were observed to have achieved the desired 

microstructure and did not show any abnormalities. 

The etched microstructures demonstrate the 

expected columnar grain structure in the z-direction.   
   
Dimensional accuracy 

Table 2 presents the x and y-direction scaling 

factors and the beam deviation for each 

manufacturing site as measured from the calibration 

plate. The results show that there is a difference in 

the scaling factors across all three manufacturing 

sites. This is due to the differences between the laser 

histories of each machine. Sites A and B both have 

positive scaling factor whereas site C scaling factor 

is negative, and the absolute value is larger than 

those of Sites A and B. Also, all sites have negative 

beam deviation. 

Figure 7 presents SEM measurements for the slots 

and optical microscope images that were used for the 

measurement of the hole circularity. Table 3 presents 

the dimensions of slots of various thicknesses and 

hole-circularity in the z-direction of the as 

manufactured geometry block. For the measured 

dimensions of the geometry block, Site C’s samples 

achieved more accurate build dimensions in 

comparison to Sites A and B, as seen by the lower 

deviation from the nominal dimensions. 

 

Site A Site B Site C  
Fig. 5. Example of the binary image at x200 magnification used for image analysis
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Site CSite BSite A

Columnar grain
Columnar grain

Columnar grain

 
Fig. 6. Microstructure in the z-direction at x200 magnification from each manufacturing site 

 

Site A Site B Site C

Captured Image Binary Image Captured Image Binary Image Captured Image Binary Image
 

Fig. 7. SEM measurements and image analysis for circle accuracy measurement 
 

Table 2. Scaling factor of dimension in x and y-direction 

and beam deviation 

Dimension 

Parameters 
Site A Site B Site C 

x-Scaling 0.037 0.03  -0.245 

y-Scaling 0.011 0.127  -0.166 

Beam deviation -0.057 -0.076  -0.067 

 
Table 3.  Dimensions of horizontal gaps and hole-

circularity 

Dimension Nominal Site A Site B Site C 

Gap 0.25 mm 0.19 0.23 0.25 

Gap 0.50 mm 0.41 0.44 0.47 

Gap 1.00 mm 0.94 0.97 0.98 

Circularity (C) 1 0.75 0.79 0.75 

 

Surface roughness 

The average surface roughness measurements of the 

upward facing (labelled 1 to 3) and downward facing 

(labelled 4 to 6) surfaces for each manufacturing 

Sites A, B and C are presented in Table 4 with the  

standard error, SE, associated with each averaged 

measurement. Surface roughness results meet the 

material requirements (EOS SS316L, 2014),  No 

significant difference were observed between 

different sites.  

 

Table 4. Surface Roughness Measurements 

Side Surface 
Site A Site B Site C 

Ra (µm) SE Ra (µm) SE Ra (µm) SE 

Up 

1 11.46 0.92 9.79 0.95 13.37 1.48 

2 12.28 1.10 11.70 0.37 10.08 0.83 

3 12.45 0.93 9.89 0.77 13.34 1.12 

Down 

4 7.46 0.17 8.22 0.69 9.07 0.20 

5 11.17 0.71 10.48 0.56 9.52 0.36 

6 9.14 0.66 10.77 1.31 8.59 0.56 

 

Mechanical properties 

Table 5 presents the hardness data of the geometry 

block in different directions for each manufacturing 

site. The standard error, SE, associated with each 

averaged hardness measurement is also provided. 

Results meet the material standard requirement of 89 

HRB for as manufactured samples (EOS SS316L, 

2014). There is no significant difference observed 

between the different manufacturing sites. 
 

Table 5. Hardness Measurement Data 

Build 

Location 

X-Direction Y-Direction Z-Direction 

Hardness 

(HRB) 

Hardness 

(HRB) 

Hardness 

(HRB) 

Site A 95.60 94.20 93.27 

Site B 95.63 94.20 94.20 

Site C 94.93 93.77 92.10 
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The stress-strain responses in the vertical, z-

direction, and horizontal, x-direction, are presented 

in Figure 8. The corresponding ultimate tensile 

strength (UTS) and elongation (%) measured by 

testing, n, number of samples are summarised in 

Table 6. The parts have a columnar grain structure 

in the z-direction, shown in Figure 6, as compared to 

an equiaxed grain structure expected in the x- and y-

direction (Takaichi et al., 2013). Hence, the AM part 

is found to have higher tensile strength in the x-

direction (horizontal) than the z-direction (vertical), 

as shown in Table 6. No significant difference is 

observed in the elastic region and UTS across all 

manufactured build plates. 

 

(a)
 

 

(b)
 

Fig. 8. Stress-strain responses for specimen build in (a) 

vertical (z) direction, (b) horizontal (x) direction 

 

Table 6. Tensile test measurements 

Build 

Location 
n Direction 

UTS, 

MPa 
SE 

Elongation, 

% 
SE 

Site A 
3 x 700 0.54 39 3.08 

2 z 580 0.05 62 1.80 

Site B 
3 x 686 0.36 40 2.93 

2 z 569 0.35 59 1.43 

Site C 
3 x 688 0.15 38 1.18 

2 z 577 0.14 61 0.67 

 

Residual Stress 

Table 7 presents the deformation of the residual stress 

arches and corresponding calculated maximum stress 

at the centres of the arch, for each manufacturing site.  

Figure 9 shows the parts visual condition. Site C has 

considerably more residual stress as compared to 

Sites A and B. Slight over-burn marks were observed 

in the part from Site B, more severe burn marks were 

also observed in the sample from site C whereas there 

was no burn marks evident in the sample from Site A, 

this is highlighted in Figure 9. The effects of residual 

stress can be attributed to this over-heating of the 

part, which results in more severe deformation and 

increased residual stress of the arches as shown by 

the result from Site C. 
 

Table 7. Measured deformation and residual stress data in 

the arch from each manufacturing site 

Build 

Location 

Measured 

Deformation,  

δ [mm] 

Residual 

Stress,  

σR [MPa] 

Site A 0.096 102.22 

Site B 0.104 110.61 

Site C 0.158 168.04 

 

Site CSite A Site B
 

Fig. 9. Residual stress arches highlighting burning marks 

on the downward surface 

 
3.2  Effect of multi-site manufacturing on build 

process quality 

To investigate the effect of operator set-up such as 

initial powder packing on the powder distribution 

across the build plate, the density of powder capsules 

was measured using a helium pycnometer and 

compared between each manufacturing site. During 

the set-up of the EOS M280, the powder is packed in 

the dispenser manually, and therefore, this could vary 

between setups and operators.  

Figure 10(a) presents the density comparison of the 

powder capsules in the x-direction (re-coater 

direction), comparing the samples close to the 

powder dispenser (6, 4, and 5) and the samples away 

from the dispenser (2, 3, and 1). It is observed that 

the density of the samples from Site A is consistent 

across the build plate. Sites B and C powder capsule 

density decreases the further away from the powder 

dispenser the sample is suggesting a lack of powder 

being distributed in the re-coater direction. Figure 

10(b) presents a density comparison of the powder 
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capsules in the y-direction and infers that all build 

samples show consistency in the density of the 

capsules close to the powder dispenser (samples 5 

and 6). Those samples away from the powder 

dispenser (samples 1 and 3), show a difference in 

capsule density for all build sites, inferring that 

powder distribution is not uniform across the plate. 

To further investigate this theory, an additional build 

plate was built at Site A in which half the powder in 

the dispenser was unpacked before the build, as 

shown in Figure 11.  

Figure 12(a) presents the density comparison of the 

powder capsules in the x-direction built by a partially 

packed dispenser and a fully packed dispenser (as 

presented previously in Figure 10 for Site A). It is 

observed that in the x-direction (re-coating direction), 

the density of the powder capsule is lower in the 

unpacked region (capsules 2 and 6) in comparison to 

the packed region (capsules 1 and 5).  

Figure 12(b) presents density comparison of the 

powder capsules in the y-direction and it is observed 

that the density of powder capsules (2 and 6) in the 

unpacked region is less than powder capsule in the 

packed region (capsules 1 and 5). Overall, there is a 

difference in the density of the samples built in the 

un-packed and the packed area. It should also be 

noted that capsule density in the unpacked area 

changed drastically further from the powder 

dispenser compared to the fully packed area. 

However, in packing half the dispenser, the unpacked 

half was also packed slightly due to the movement of 

particles in the packed section. Future work will 

investigate the powder distribution across build plates 

for fully unpacked powder versus fully packed.  
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Fig. 10. Comparison of percentage density achieved in (a) 

x-direction, (b) y-direction 

 

 
Fig. 11. Partial packed dispenser 
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(b)
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Fig. 12. Density comparison of fully packed and partially 

packed powder capsules across (a) x-direction, and (b) y-

direction 

 

4. CONCLUSIONS 

 

The effect of cross-site L-PBF manufacturing on the 

resulting part qualities has been investigated in this 

paper. This study has identified an area to consider 

in mass production of the AM parts which can affect 

many industries. Various test samples were 

identified to measure key part qualities, viz. 

dimensional accuracy, porosity, mechanical 

strength, surface roughness, residual stress and 

powder distribution. The effect of multi-site 

manufacturing on part qualities and build process 

qualities are as follows: 

 Effect of multi-site manufacturing on part 

qualities: The use of machines with different laser 

histories, effects the individual machine laser focus 

and performance, this results in differences in part 

accuracy. Therefore, separate laser focus calibrations 

must be conducted on each machine at regular 

intervals to ensure the correct laser focus can be 

applied to the build.  

 Effect of multi-site manufacturing on build 

process quality: There is an operator set-up effect in 

the EOS M280 machine that is noticeable in terms of 

powder distribution across the build plate during the 

recoating process. A standard procedure for the initial 

set-up of the machine, with a standardised method to 

pack the powder for all operators is necessary to 

eliminate the effect of the operator on the resulting 

manufactured sample quality. 
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