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Abstract 

The KTH Department of Materials Science and Engineering has lacked powder metallurgy 
research for many years, and as this field is constantly gaining in importance, such research 
needs to be reestablished. This requires the department to be able to accurately and 
efficiently characterize the properties of a powder, such as size distribution and 
composition, and in the short term, this needs to be done using non-specialized equipment. 
This project aimed to assess the availability and usefulness of both traditional and novel 
characterization methods by way of trial characterization experiments as well as a literature 
review. 

The experiments resulted in some data about three sample powders, as well as the 
conclusions that size distribution could be effectively characterized by automatized image 
analysis, composition could be characterized using Energy Dispersive X-ray Spectroscopy and 
that sample preparation was key to good results. It was concluded that the department 
could conceivably evaluate the most important properties, but that sampling and sample 
preparation routines need to be established to ensure efficient characterization and 
representative data. 

Samanfattning 

Materialinstitutionen på Kungliga Tekniska högskolan har i många år helt saknat 
pulvermetallurgiforskning och eftersom detta fält ständigt blir mer relevant behöver denna 
forskning återetableras. Detta kräver att institutionen med tillräcklig noggrannhet och 
effektivitet kan bestämma egenskaper hos ett pulver, såsom storleksfördelning och 
sammansättning, och på kort sikt behöver detta ske med ickespecialiserad utrustning. I 
detta projekt har tillgänglighet och användbarhet hos både traditionella och innovativa 
analysmetoder utvärderats med hjälp av experimentell karaktärisering av pulver samt en 
litteraturstudie. 

Experimenten gav data om de tre undersökta pulvren och resulterade även i slutsatsen att 
storleksfördelning kunde bestämmas med automatiserad bildanalys, att samansättning 
kunde bestämmas med Energi Dispersiv Röntgen Spektroskopi och att provpreparering är 
avgörande för bra resultat. Av detta följer att institutionen rimligtvis kan bestämma de 
viktigaste egenskaperna hos ett pulver, men att rutiner för provtagning och provpreparering 
behöver etableras för att säkerställa effektiv analys och representativ data. 
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1 Introduction 
1.1 Aim 

As the Department of Materials Science and Engineering (MSE) at the KTH Royal Institute of 
Technology is starting up a new research area for powder metallurgy one of the first steps is 
evaluating what research can be conducted at the department already, so that the need for 
new technology and competence can be assessed. This project aims to accomplish this, with 
the scope of powder characterization. 
  
The aim of the study is to evaluate how metal powders can be accurately characterized using 
non-specialized instruments currently present at MSE. This will include reviewing how 
powder is usually characterized, which standard and novel methods can be used at MSE and 
if these methods are sufficiently precise, repeatable and economical for carrying out the 
intended research. Characteristics being investigated include size distribution, morphology, 
chemical composition, hardness, crystal structure and bulk properties like flow rate and 
apparent density. 
  
The goal of this study is not to carry out a rigorous analysis of any specific metal powder, but 
rather to highlight the feasibility of characterizing a certain property using MSEs resources 
and equipment. The study is limited by the fact that all relevant characterization methods 
could not be tried, and by the fact that the methods carried out were only attempted for a 
limited selection of powder types. 
  

1.2 Assessment Criteria 

When assessing the powder characterization capabilities, as with any assessment, it is 
pertinent to establish a set of criteria. First and foremost, the cost of conducting research, as 
it relates to operational costs, instrument time and labour-intensive tasks, will be considered 
the chief criterion of the assessment. This means methods must either be quick or 
automatized. It also rules out expensive or large specialist instrumentation, but it does 
permit the equipment already present at MSE. 
 
Another criterion that will be considered is the reliability and repeatability of a method, as 
an inaccurate characterization would be pointless. However, for many applications, a 
method may not need to yield the same results as values found in literature or found using 
standardized methods. It may be enough to be able to evaluate the change in a property 
rather than to give an exact value for that property (i.e. a qualitative study rather than a 
quantitative one). The ISO and ASTM standards are mostly oriented to larger scale testing, 
but it is, of course, desirable to follow them when possible. 
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2 Background 
2.1 Powder Metallurgy 

The field of powder metallurgy (PM) encompasses the production of elemental and pre-
alloyed metallic powders and their subsequent processing to form usable metal parts. There 
are several types of powder manufacturing technologies and they can be divided into 
mechanical or chemical methods. The type of powder production method being employed 
gives observable differences in the properties of the resulting powder [1].  
 
Many processing technologies have also been developed for producing solid metal parts by 
binding metal particles together through a process known as consolidation. The most recent 
manufacturing technology, and currently a hot research topic, is metal additive 
manufacturing (AM), however, the most commercially significant method of processing is 
the press and sinter process [2]. 
 
PM, whether in the form of pressing and sintering or AM, provides a variety of benefits 
when applied in the right situations. It produces parts that have a “near net shape”, meaning 
they will need little to no finishing, as opposed to many traditional processes such as forging 
or milling where much of the material is cut away before the part is usable. Most of that 
waste is recycled, but recycling uses additional energy, and reducing the waste is more 
desirable when possible. Powder metallurgy may also save both environmental and 
economic resources in the form of wear on cutting tools or labour costs [3]. It is also 
beneficial when working with metals that are difficult to cast, such as tungsten with its high 
melting point and titanium which is highly reactive when hot [4]. 

2.2 Metal Powder Characterization 

Central to each step in the manufacturing of powder metallurgy products is the ability to 
accurately characterize, both quantitatively and qualitatively, the properties of the metal 
powders from which they are made. Through the characterization of the mechanical, 
chemical and physical properties of a powder and the resulting solid component after 
processing, it is possible to investigate how specific powder properties affect the processing 
and performance of the final specimen [5, 6]. The importance of powder characterization 
extends also to the powder production aspect of PM. Fundamentally there is a need to 
understand how the parameters of a powder manufacturing technology, such as the type of 
gas used in a gas atomization processes or time spent milling in mechanical production 
methods, will affect the characteristics of the powders since these properties ultimately 
determine the properties of the end product. 
 
Naturally, there is a practical limit as to what quantity of a batch of powder that can be 
analysed and characterized. Therefore, the first step in metal powder characterization 
involves the sampling of the entire batch of powder at the production site. Industry 
standards have been developed outlining recommended sampling practices in order to 
attain representative samples [7]. This sampling stage is not dealt with in this study as it is 



 
3 

most likely that PM research at MSE will mostly handle relatively small quantities of powder, 
which would have been appropriately sampled by industrial manufacturers. The researchers 
at MSE will, therefore, need to rely on the representativeness of these samples, and rough 
subsampling for microscopy unless equipment for subsampling is acquired. However, after 
having attained a representative sample, the characterization process can continue. 

2.2.1 Methods of Characterization 

The size and size distribution of particles will to a high degree determine the final properties 
of a product as well as viable means of production, and therefore the ability to accurately 
characterize this powder property is essential [4]. However, there is an inherent problem 
when measuring the size of particles, and it is related to their morphology. The shape of 
particles influences the measurement of the size distribution, to a greater or lesser extent, 
depending on which method of investigation is used [4]. If the particles are mostly 
spheroidal the discrepancy in results from different particle analysis methods is considerably 
smaller compared to non-spherical morphologies such as irregular, dendritic or plate-like 
shapes [4].  
 
There are two categories of particle size measurement, and the first method is that of direct 
measurement of particle dimensions. The other set of methods relates the behaviour of the 
particles to their size. Examples of the first method include some types of microscopy, where 
the individual particles are directly measured and the whole particle is visible. The second 
type includes common methods such as sieving and calibrated funnels, and more advanced 
methods such as Coulter counting, which uses changes of electric fields in a suspension of 
particles in an electrolyte [8]. 
 
Many kinds of specialized equipment and test standards exist for measuring the bulk 
properties of a powder such as apparent density, flow rate and cohesion, which are highly 
dependent on powder morphology. For the time being such specialized equipment is 
unavailable at the MSE department. Many of these test methods only give qualitative results 
[4]. The morphology is also easily qualitatively investigated by microscopy, as it is possible to 
easily spot if the particle has a spheroidal, dendritic or irregular shape just by visually 
inspecting it.  
 
In addition to simply describing the shape of particles in a qualitative sense there are 
methods of quantitively characterizing powder morphology using image analysis. A common 
method often employed is the use of relating various aspects of a particles’ geometry to 
each other. These mathematical relations between particle dimensions are referred to as 
shape descriptors. 
 
Regarding quantifying the porosity of a metallic powder, the most suitable method of 
analysing many particles is through the use of X-ray tomography [9]. However, it is possible 
to characterize the porosity using standard metallographic techniques as well.  
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Chris Hulme-Smith, a new researcher at MSE working with PM and the supervisor of this 
project, says in a private interview that nanoindentation of a ground and polished sample 
can reveal powder hardness and that nanoindentation equipment has been used by the MSE 
unit of properties. This kind of equipment, which measures hardness without requiring 
microscopy to measure the size of the indent, is no longer available, but Stefan Jonsson who 
assembled the instrument is still employed at the department. Nonetheless, it is possible to 
use micro-indentation techniques to characterize powder hardness as well [10], and micro-
indentation equipment is available at MSE. 
 
In many industrial applications, the composition of powders or powder components is 
considered known, and chemical analysis is conducted to evaluate impurities introduced by 
processing or by additives like lubricants or binders. In this study, bulk chemical composition 
and distribution of elements in the particles is also of great interest. Many of the methods 
commonly used are available at the MSE department, such as Energy Dispersive X-ray 
Spectroscopy (EDS) and X-ray Diffraction (XRD) [11]. Wavelength Dispersive X-ray 
Spectroscopy (WDS), a method which is also available, gives a more precise compositional 
analysis compared to EDS, but its’ much slower. EDS and WDS are described in more detail in 
2.3.2. 
 
XRD is used to determine the crystal structure of a material, and it is often used on powders 
as these are guaranteed to have a random crystal alignment in the bulk. The instrument at 
the most basic level consists of an x-ray source, a movable sample holder, and a detector, 
and it measures the intensity of the diffracted x-ray beam as a function of angle. XRD can be 
used to determine the crystal structure of a sample, and in the case of polycrystalline and 
randomly oriented materials, the results are matched with databases, because analysing 
them without reference is difficult [12]. There are powder diffraction databases available 
free of charge that, according to Chris Hulme-Smith, are of sufficient quality. 
 
All of the characterization techniques described in this section are presented in table 1 
below.  
 
Table 1 A summary of the investigated characterization methods and the respective powder properties they analyse 

Characterization Method Properties 
Image Analysis, Sieving, Coulter Counting Size and Size Distribution 

Image Analysis Morphology 
Energy Dispersive X-ray Spectroscopy Composition 

Metallographic Inspection Microstructure 
X-ray Diffraction Crystal Structure 

Nanoindentation, Micro-indentation Hardness 
Image Analysis Porosity 
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2.3 Microscopy  

Microscopy is considered a very precise and versatile method for characterizing powders. 
Looking at metal powders at a magnification that shows their individual particles can give a 
lot of qualitative information about the size and shape of the particles, and micrographs 
taken can be used for more quantitative studies using image analysis. Microscopy uses 
minute amounts of powder, not even a single gram, which saves on material but also means 
the sample needs to be carefully taken from the bulk to ensure representativity [8]. There 
are many kinds of microscopy, each with their own benefits, and the most relevant for 
powder characterization at MSE are Optical Light Microscopy and Scanning Electron 
Microscopy. 

2.3.1 Optical Light Microscopy 

Optical Light Microscopy (OLM) is as the name suggests a group of imaging techniques that 
use optical systems to manipulate visible light to render very small objects visible. This can 
be done by shining intense light either through a transparent sample and viewing the 
transmitted light, or by shining the light at a surface and viewing the reflected light. Since all 
metals are opaque to light they are typically imaged using reflective methods. Imaging metal 
powders dispersed in a transparent medium using transmitted light is left to further 
research, and not evaluated in this project, although the OLM equipment used has a 
transmission light source [13]. 
 
The range of useful magnification extends to approximately 1500 times, which is dependent 
upon the numerical aperture. The numerical aperture (NA) is defined as the product of half 
the subtended angle by the object at the surface of the objective and the refractive index of 
the medium in between objective and object. This is the factor which limits the possible 
resolution of an image, and thus, magnification beyond a certain point does not contribute 
to higher resolution [8].    
 
The theoretical limit of resolution for optical systems is governed by the diffraction of light, 
which in turn is dependent upon the wavelength, and the NA of the objective lens [14]. The 
mathematical expression relating the wavelength and NA to the resolution limit is defined as 
the product of the ratio between the wavelength and NA, and a scalar value of  
0.6 [8]. However, in practice, this theoretical value of resolution is not realized due to 
several other factors [14]. 

2.3.2 Scanning Electron Microscopy  

SEM or Scanning Electron Microscopy is a common imaging technique or rather a wide 
group of techniques that all use an electron beam to scan a sample. The electron beam 
causes the sample to emit various particles and types of radiation, and these can be 
analysed to give a picture or an estimate of chemical composition. SEM imaging requires 
vacuum, as the air would block the electron beam, and for the sample to be conductive so 
the electrons can dissipate in the sample rather than charging the sample and affect the 
results. There are many kinds of particles to analyse, such as secondary electrons, 
backscattered electrons and x-ray photons [15].  
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Secondary electrons are particles knocked from the outer bands (valence bands or 
conduction bands) of the sample atoms and have very low energies compared to the 
electrons of the beam. As such, they can only escape from a very shallow depth of a surface. 
That makes measurements of the composition by use of secondary electrons very difficult 
and unreliable, yielding chaotic results that depend entirely on the presence of oxides or 
contaminants on the sample surface [15]. 
 
When measuring surface tilt, such as when imaging a polished and etched sample or when 
investigating the shape of a three-dimensional object, secondary electrons perform quite 
well as the tilt of a surface doesn’t change when analysing just a thin surface layer, but in 
this project measuring topography is of little importance since the difference in composition 
between powder and mounting matrix should be much more significant than any topological 
difference on the polished sample surface [15]. 
  
Backscattered electrons are electrons from the beam that enter the sample, then exit it 
again without being absorbed. They provide information about a multitude of sample 
characteristics such as topography and composition. Electrons are backscattered more if the 
sample surface is tilted with respect to the beam as there is a smaller change in angle 
required to escape the sample. This effect can be used to analyse the surface topography. 
For this project, the most interesting technique is, however, the difference in backscattering 
depending on composition.  
 
The fraction of electrons that are backscattered depends on the weight of the atoms in the 
sample as a heavier nucleus is more likely to reflect electrons backward. The most significant 
difference is between lighter elements, for example, it is difficult to tell for example silver 
and cadmium apart, but it is easier to tell the difference between aluminium and silicon. It is 
however even easier to differentiate between carbon and a heavier metal such as iron which 
makes backscattered electrons an ideal method of imaging a metal powder in a carbon 
dominated polymer matrix. The areas which backscatter more electrons can be translated to 
lighter pixels in an image, so the contrast between light and dark regions corresponds to 
contrast in composition and linearly to the contrast in backscattered electrons [15]. 
 
The juxtaposition of the secondary and backscattered electron imaging techniques, as 
illustrated in figure 1, highlights the differences between the two techniques. It is clear that 
greater contrast is achieved when using backscattered electrons, however certain 
topographical information, which is present in the secondary electron generated image, is 
lost and would be difficult to infer from the backscattered image alone. Therefore the 
combination of secondary and backscattered electron imaging allows for a more 
comprehensive analysis.   
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Figure 1 A comparison between the same particles imaged with a) secondary electrons in surface tilt mode and b) 
backscattered electrons in composition mode 

The electron beam may also excite electrons in the sample, which then emit a characteristic 
spectrum of x-ray radiation. This can be analysed by a device called an Energy Dispersive X-
ray Spectrometer or EDS (also commonly called EDX). The device counts the number and 
intensity of x-ray photons, and the characteristic peaks of individual elements can be seen 
against a background of Bremsstrahlung radiation. It is possible to not only see the presence 
of an element but make a good estimate of the composition. Wave Dispersive X-ray 
Spectrometry analyses the same X-rays but uses a much more sophisticated sensor, which 
uses a large crystal to separate out photons and their wavelengths for analysis [15].  
 
 
 
EDX detectors are capable of detecting elements as light as sodium, and under certain 
conditions detection of lighter elements is possible [16]. Moreover, the limit of detection for 
an element in the bulk sample is approximately 0.1 wt % [16,17]. Thus the presence of 
carbon in low carbon steel is not possible to detect if it is a homogenous distribution.    
 

2.4 Digital Image Processing and Analysis 

In essence, a digital image is no more than an array of values, and image processing is simply 
the algorithmic approach to manipulating this set of values. The most common form of a 
digital image is the raster image, which is made up of picture elements, also known as pixels, 
arranged in a rectangular grid [18].  

2.4.1 Resolution   

An important criterion governing the selection of digital camera for image capture, is that 
the optical resolution of the charge-coupled device (CCD) must meet the minimum 
resolution requirements of the microscope, in order for no spatial information to be lost 
during image acquisition [14]. Either the resolving power of the microscope or the spatial 
density, which is related to the amount of CCD sensors (this translates to number of pixels), 
will limit the spatial resolution of the resulting digital image [19].  
 

a b 
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Since most scientific-grade CCDs have sufficiently small sensors [14], and therefore a 
resolution to match the optical resolution of the microscope, they will not be a limiting 
factor with regard to the spatial resolution of a digital image.  

2.4.2 Filters 

In digital image processing, a filter is a type of operation where the pixel values of the 
processed image are computed from more than one pixel from the original image. This is in 
contrast to point operations where only one pixel from the source image is used to compute 
a new value for a pixel at the same position [18]. Filters can further be classified as linear or 
non-linear depending on their mathematical properties. They operate by applying a filter 
matrix with a specified size over a corresponding region from the source image.  
 
An example of a linear filter is the Gaussian, which is a smoothing filter, where the filter 
matrix is a two-dimensional Gaussian function (the pixel in the matrix centre is weighted the 
most). A consequence of applying linear filters for the purpose of smoothing or noise 
reduction is that all image features are affected, and this effectively limits the use of linear 
filters [18].  
 
Conversely, non-linear filters are designed to reduce noise while preserving other important 
features, however, to design an ideal filter that differentiates between essential and 
unimportant image structures is not possible. Nonetheless, the median filter does 
reasonably well at performing this task [18]. After application of a median filter, each pixel in 
the processed image corresponds to the median of the pixels in the filter region of the 
source image.     

2.4.3 Thresholding 

Thresholding, as an image processing technique, can be divided into two categories, manual 
and automatic; where automatic thresholding can further be divided into global and 
adaptive (local) methods. The purpose of thresholding is to convert a grayscale image into a 
binary image, and this process of binarization can result in different binary images 
depending on the specific thresholding method being implemented. 
 
When performing particle size analysis, as outlined in ISO Standard 13322-1, a manual 
thresholding method may be employed to acquire a binary image. However caution needs to 
be taken so as to not introduce bias from an inappropriately set threshold level [20]. The 
more common approach to thresholding, in this context, is to use automatic global 
thresholding methods, of which there are several. The algorithms that make up these latter 
methods are based on various mathematical operations of the statistical information 
contained in the grayscale histogram [21], although the treatment of these methods is 
beyond the scope of this study.     
 
 
 
 



 
9 

2.4.4 ImageJ 

ImageJ is a popular open source image processing software, with a plugin-based architecture 
encouraging its wide user base to write their own additions and macros. Its development 
began when Wayne Rasband wrote the program “NIH Image” in 1987, and in 1997 the 
program got the current name as it was rewritten in Java. Both an updated version called 
ImageJ2 and a download with conveniently included plugins called Fiji (“Fiji Is Just ImageJ”) 
are available, as well as a great number of specialized plugins and macros [22]. 
  
In the very beginning of its development the program was used as a quite simple image 
editor, but as time has passed the image analysis capabilities have become the primary focus 
of the users. Images can be analyzed both as grayscale pictures, color pictures or as binary 
pictures which are thresholded so all pixels are either black or white. This is one kind of 
segmentation, a process in which the image is split into regions, comparable to how the eye 
can split an image into foreground, midground, and background or into different identifiable 
objects [23]. 
  
When the particles on a micrograph have been segmented out from the background they 
can be analyzed automatically. The user can select a wide range of info they want about the 
particles, and these characteristics are then delivered for each particle in a list that can be 
easily exported into other programs such as Microsoft Excel or Matlab [23]. 
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3 Experiments & Method 
In addition to the general investigation of the characterization methods currently available 
at the Department of Material Science and Engineering, a more in-depth analysis of the 
characterization of the size, morphology, porosity and composition of metal powders, by 
experimental means, was carried out. The justification for only having conducted 
experimental trials investigating the aforesaid properties, when compared to others, is 
partly based on time constraints, i.e. a more extensive assessment would have involved 
experimental investigation of more characterization methods, but also due to the fact that 
the size, morphology and composition of a powder are very important to characterize with 
regard to processing and performance.  
  
The method of image analysis, using both optical light and scanning electron microscopy, 
was the subject of experimental investigation with respect to characterization of size, 
morphology and porosity. Since the scanning electron microscope was also equipped with an 
energy dispersive x-ray spectrometer it was convenient to also include a compositional 
analysis in the experimental portion of the study. 

3.1 Sample preparation 

Three powders were investigated in this study, a gas atomized nickel-titanium alloy of 
unknown maximum size, a water atomized 17-4ph steel sifted to be smaller than 45µm and 
a water atomized 316L steel sifted to be smaller than 20µm. The nickel-titanium alloy, 
known as Nitinol, is a shape-memory metal that is used in self-expanding surgical implants 
for expanding arteries [24]. 17-4ph is a series of stainless, precipitation hardening alloys 
used for industrial equipment. As it is precipitation hardening, a variety of compositions exist 
with different elements contributing to the hardening [25]. 316L is the low carbon version of 
316 stainless steel, an austenitic Cr-Ni-Mo steel alloy with very high corrosion resistance. 
 
Gas atomization and water atomization are processes where melted metal is split into 
droplets by a stream of either gas or water. Water atomized powders tend to have a much 
rougher surface while gas atomized powders are more spherical. This is theorized to be due 
in part to the longer solidification time in gas atomization allowing the particles to 
spheroidize more completely. [26] 
 
All imaging was done of the powders mounted in Bakelite resin processed at 180C and 4 bar 
for 8 minutes. They were ground for several seconds using 1200 grit silicon carbide paper 
and polished by hand for around a minute using 3 µm diamond polish. The powder to be 
mounted was not selected from the samples using any special method as the main samples 
were very small. 
 
The samples need to be conductive for imaging with SEM to avoid charging the sample. The 
metal powder is, of course, conductive, and the resin contains conductive graphite, so it can 
dissipate the electrons without introducing new elements to possibly disturb the results; the 
carbon in graphite is virtually indistinguishable from the carbon in the resin polymer. 
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3.2 Microscopy 

3.2.1 Optical Light Microscopy (OLM) 

The samples were imaged using Olympus PMG 3 inverted stage microscope with a Leica 
DFC295 digital camera and Leica QWin Standard image capture software, version 3.5.1. Care 
was taken to find a suitable level of exposure, but even with a lot of tweaking, it was obvious 
the apparent size of the particles changed a lot with exposure and no real ideal value was 
observable by eye. However, over-exposing the sample resulted in the merging of particle 
boundaries, as illustrated in figure 2, and avoiding this effect was controlled by visual 
inspection. It was decided the best option was to choose one group of setting and stick with 
that for all the images taken.  
 
 

 
Figure 2 an illustration of the effects of different exposure in OLM, showing how particles seem significantly larger with 
higher exposure. Image a is underexposed, b is overexposed. 

3.2.2 SEM 

The samples were also imaged using Hitachi S-3700N with accelerating voltage of 15keV.  
The working distance was 11mm. The majority of the images were taken with backscattered 
electrons in composition contrast mode, and a few were taken with secondary electrons to 
evaluate the topography. In this case, it was less critical to use the exact right 
exposure/contrast settings since the images were much clearer, but electron microscopy 
poses its own set of challenges. The sample is metallic, so making it conductive is no 
problem, but if the samples are improperly prepared they may release powder into the 
vacuum pump of the microscope. The SEM is also slower and more difficult to operate. 
 
In addition to acquiring images using the backscatter and secondary electron detectors, the 
energy dispersive spectrometer was used to conduct a compositional analysis. Three types 
of scanning methods were employed for suitable analysis of different structures. Concerning 
the analysis of the nitinol sample, as seen in figure 3.a and 3.b, an-area scan was used to 
analyse the bulk composition, a point-scan to analyse the surface composition, and a line-
scan to inspect a region of deviating composition.     
 

a b 
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Figure 3 illustration of the various EDS analysis techniques used for compositional characterization of the nitinol powder. 

 
In contrast to the nitinol powder, only two methods of scanning were used on the 17-4ph 
sample, as seen in figure 4; two point-scans, one for determining the surface composition 
and the other for analysing the composition within the particle, and an area-scan for a wider 
compositional analysis within a particle.   
 

 
         Figure 4 Image showing the areas of the 17-4ph powder sample that were analysed using EDS 
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3.3 Image Analysis 

3.3.1 Setup 

An image with its scale bar intact was imported into ImageJ, and the scale bar was used to 
define the magnification. The scale bar can then be cropped out to avoid counting it as 
particles. Cropping needs to be done by hand, so having just one image per batch with a 
scale bar is ideal for automatization. 
 
The image editing process can be quite arbitrary, and different processes may seem suitable 
for different images. It is important to keep in mind that these "improvements" of the image 
may change the result of the calculation. A wide variety of settings, methods, and plugins 
were tried out, to see which would be at all usable. Due to the visual highlighting of the area 
determined to be a particle and the area determined to be background it is possible to easily 
determine if the analysis will be at all accurate or if the data generated will be entirely 
arbitrary. 
 
Each type of powder and method of image acquisition required a different image analysis 
routine, and this easily motivated by comparing the shape, degree of dispersion and contrast 
of the micrographs below in figure 5. 
 
As seen in figure 5.a the particles were mostly spherical, well dispersed and had a high 
contrast with the Bakelite resin. Consequently, the image analysis routine was simple in 
comparison to the other two powder samples. In the following section, a detailed 
description of the various analysis methods employed for the different samples will be 
presented. 
 

 
Figure 5 an illustration comparing the OLM images for the a) nitinol, b) 17-4ph and c) 316L powder samples. 

3.3.1 Particle Size and Shape Characterization 

When developing the different image analysis routines for the quantitative characterization 
of the particle sizes and shapes, wherever possible, attempts were made to automate the 
process by generating scripts, known as a macro in ImageJ, based on the specific processing 
techniques and thresholding operations used for each powder respectively, and then 
applying them to an entire directory containing micrographs of the same magnification. This 
process just described is commonly referred to as batch processing. With this in mind, the 
series of images acquired for each sample was divided into subdirectories in accordance with 
their magnification. 

a b c 
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Despite using both SEM and OLM to generate micrographs for the nitinol sample, the image 
analysis methods were very similar. As previously mentioned, an important aspect governing 
the choice of image processing techniques is the preservation of the particle size throughout 
the image enhancement and manipulation. Therefore, it is more desirable that the image is 
subjected to a minimal amount of pre-processing before the use of thresholding operations 
for the acquisition of a binary image. However, the necessity of applying a filter to the SEM 
micrographs is depicted in figure 6.  
  
Figure 6.a shows the unprocessed image and in 6.b the contrast has been enhanced to make 
more visible the topology around the edge. The use of an automatic global threshold, known 
as the Otsu algorithm, was used on the raw image in figure 6.a and the resulting image, 6.c, 
illustrates the difficulty in retaining particle information over regions of shifting contrast. 
Furthermore, the disconnected white regions around the edge of the particle in figure 6.c 
would skew the results of the particle analysis. This problem could either be solved by using 
a different thresholding algorithm, however, a new choice of algorithm could lead to other 
complications, and therefore the application of a median filter was used for the processing 
of the nitinol micrographs. The effect of the median filter prior to thresholding is illustrated 
in figure 6.d. In addition to reducing the contrast between particle body and edge, the 
background is also smoothed. 
 

 
Figure 6 an illustration of how application of filters can affect the results of thresholding.  

A median filter with a pixel radius of 2 and the Otsu automatic global threshold was chosen 
for the processing of the nitinol micrographs. A separate script for each level of 
magnification was created and used while batch processing. The built-in particle analysis 
tool in ImageJ was used to analyse the binary images, and the include holes and exclude 
edges functions were selected as additional parameters. After processing a file containing 
the results from the particle analysis was generated and saved in each subdirectory in 
accordance with the magnification. All results were then imported into Matlab for statistical 
analysis of the results. A total of 2768 particles were analysed; 752 of which were from OLM 
micrographs, and the others from SEM micrographs.  
 
In addition to the quantitative characterization of particle shape, as defined by the shape 
descriptors from the particle analysis, a qualitative approach was also used to describe the 
morphological aspects of the particles. The shape descriptors selected for particle analysis of 
all powder samples are presented in table 2 below.  
 
 
 
 

a b c d 
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Table 2 The set of shape descriptors chosen for particle analysis 

Shape Descriptors Definition 

Circularity 4" [$%&']
[)&%*+&,&%]- 

Solidity [$%&']
[./01&2	$%&'] 

  
 
Due to the inadequately dispersed 17-4ph powder samples and the varying contrast of the 
OLM micrographs, the methods described in the above section were elaborated upon for 
the analysis of this powder, and as a consequence, the 17-4ph images were not processed in 
batches. Not as many SEM images were taken compared to the nitinol powder, and 
therefore there was no attempt to automate their analysis. The image analysis routines for 
the OLM and SEM micrographs are presented separately in the following paragraphs. 

For the OLM images, a median filter and a Gaussian filter were used to smooth the varying 
contrast of the background and the particles themselves. After this, a suitable automatic 
threshold algorithm was chosen from the built-in threshold functions in ImageJ. After 
acquiring a binary image, a series of morphological operations were employed to fill in holes 
and gaps around the edges of the particles. The final stage, before the analysis, required the 
use of the remove outliers algorithm which belongs to the Integral Image Filters plugin. The 
purpose of this filter was to reduce the area of white regions that did not appear to 
correspond to any particle. The result of this method is illustrated in figure 7.  

 

Figure 7 the resulting binary image, b), after application of filters, thresholding and morphological operations to image a).  

Adjacent nearby touching particles that had been joined together during processing, as seen 
in figure 6.b, were excluded from the results. The storing and analysis of results is identical 
to that of the nitinol case.  

For the SEM micrographs, a median filter was used followed by minimum global threshold 
algorithm. This analysis involved fewer steps when compared to the OLM, however one 
issue concerning the Bakelite resin could not be solved, as seen in figure 8.  

a b 
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Figure 8 an illustration of how a particle partially covered in Bakelite resin, a), will be interpreted after thresholding, b).     

A total number of 903 particles from the OLM micrographs were analysed and 593 from the 
SEM micrographs.   

The 316L powder sample had several things in common with the 17-4ph sample as it relates 
to poor dispersion and high variation in contrast. Therefore a similar method was used to 
process and analyse 316L micrographs. Since the SEM was not used for acquiring images for 
this powder, only OLM micrographs were processed and analysed.  
 
Lastly, because some of the data from the OLM analyses of the three powders contained 
particles that were smaller than the optical resolution of the microscope, a lower bound of 1 
µm for the analysis of particle size was established (a recommendation from the project 
supervisor). 

3.3.3 Porosity Characterization  

Pores were not observed in the 17-4ph and 316L micrographs, and the number of pores 
present in the nitinol sample would most likely not result in a meaningful analysis. There was 
also an uncertainty whether the dark regions present within the particles in the OLM 
micrographs were actually pores since the number of pores present in the SEM micrographs 
was significantly lower as seen in figure 10.  Nevertheless, methods of determining porosity 
were developed and tested on one of the nitinol OLM micrographs of 20x magnification.  
  
 

 
Figure 10 Comparison between the observable pores present in SEM and OLM nitinol micrographs.  

a b 

a b 
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The first method developed, Method 1, involved analysing the particles with and without 
holes, which would allow for determination of the total pore area for each particle. This 
approach would allow for the calculation of the porosity of individual particles and, or, the 
overall porosity.  
 
The next image analysis routine developed, Method 2, had the benefit of being able to count 
the number pores analysed. The initial thresholding step from the first method was the 
same, but after the binary image was generated the black background was filled with white 
in order to isolate the pores. This process is illustrated in figure 11. 
 

 
Figure 11 The result of Method 2 pore analysis of a nitinol OLM micrograph at 20x magnification.  

A simple way of checking if the pores that were isolated corresponded to actual regions 
within the particles was achieved by splitting the images’ colour channels and isolating the 
pores in one channel and processing the other channels to get the particle outlines, and then 
merging the channels back together. During the ImageJ particle analysis, a lower bound for 
the circularity of the pores was established, in order to exclude polishing grooves (which are 
elongated compared to the pores) from the analysis.   
 
The last method implemented to analyse the sample's pores, Method 3, is a combination of 
the aforesaid methods. It required that the individual particles be cropped out and collected 
as separate images. After this step was completed the images were duplicated and 
processed individually, one to isolate the pores and the other to analyse the particle area 
including the pores. In this manner, the pore analysis could be treated separately and the 
porosity could be determined for each particle. Employing this method is a lengthier process 
when compared to the others, however, aside from the initial cropping and image 
generation, the method was automated through the use of batch processing.   
 
After analysing the pores of the nitinol micrograph the results were collected in a 
spreadsheet. Since the second method could not determine the porosity of individual 
particles the porosity for the entire area of the particles was calculated for comparison 
between methods.    

a b 
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4 Results 
4.1 Micrographs 
Figures 12 to 14 exemplify the appearance of the analysed pictures. Figures 12 and 13 show 
some issues with pits and uneven surfaces, and 14 shows a visible variation in composition. 
 

 
Figure 12 SE-SEM micrographs of the a) nitinol and b) 17-4ph samples taken at 350 and 500x magnifications respectively. 

 

 
Figure 13 Section of a 316L OLM micrograph, taken at 50x magnification, showing the presence of blurred regions.   

 

a b 

a b 
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Figure 14 Backscattered electron micrograph of a nitinol particle at 1.5k magnification, where a region of varying 
composition is circled in red.  

 

4.2 Particle Size and Distribution 

The results of the particle size analysis in ImageJ is shown in figures 15 to 19. Figures 15, 17 
and 19 show the size distributions in area equivalent diameters for the three powders, while 
figures 16 and 18 compare data from OLM and SEM analyses of the nitinol and 17-4ph 
samples respectively.  

 
Figure 15 Combined particle size distribution for SEM and OLM image analyses of nitinol powder sample. 
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Figure 16 Probability normalized histograms comparing OLM & SEM analyses of the nitinol powder.   

 
 
 
 
 

 
Figure 17 Combined particle size distribution for SEM and OLM image analyses of 17-4ph steel powder sample. 
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Figure 18 Lognormal distribution of 17-4ph particle sizes from both OLM and SEM image analysis.  

 
 
 

 
Figure 19 Particle size distribution for OLM image analysis of 316L steel powder sample. 
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4.3 Porosity 

The results from the porosity characterization in 3.3.3 are presented in table 3. Since 
Method 2 was not designed to determine the porosity of individual particles, but the 
combined area of the particles in the micrograph, the values in table 3 are the fractions of 
total pore area and total particle area.  
  
Table 3 The calculated porosity values for the combined area of particles in the OLM nitinol micrograph 

 Method 1 Method 2 Method 3 
Porosity [%] 0.29 0.21 0.33 

 
 

4.4 Morphology 

The results of the powder morphology analysis, using the shape descriptors, circularity, 
aspect ratio and solidity, are presented as cumulative probability distributions in figures 20, 
21 and 22, respectively.   
 

 
Figure 20 Cumulative probability distributions for particle circularity of each sample. 

 
 
 

Figure 21 Cumulative probability distributions for the aspect ratio of particles for each sample. 
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Figure 21 Cumulative probability distributions for the particle solidity of each sample. 

 

4.4 Composition 

The results of the EDS analyses described in 3.2.2 are shown in table 4 and 5.  
 
Table 4 Results from the EDX analysis of nitinol 

Scan Type Element wt% norm. at% 
Point Titanium 46 51.08 

Nickel 54 48.92 

Area Titanium 46.78 51.87 

Nickel 53.22 48.13 

Line Oxygen 8.08 21.30 

Titanium 78.07 68.75 

Nickel 13.85 9.95 
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Table 5 Results from the EDX analysis of 17-4ph 

Scan Type Element wt% norm. at% 
Point 7 Chromium 16.07 17.17 

Iron 76.12 75.73 

Nickel 3.86 3.66 

Copper 3.95 3.45 

Point 8 Oxygen 32.19 60.22 

Silicon 5.53 5.89 

Chromium 40.65 23.40 

Iron 16.44 8.81 

Niobium 5.19 1.67 

Area Chromium 16.74 17.87 

Iron 74.36 73.89 

Nickel 4.01 3.79 

Copper 4.41 3.85 

Silicon 0.23 0.45 

Niobium 0.25 0.15 
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5 Discussion 
5.1 Static Image Analysis   

The use of static image analysis as a method of characterizing the physical properties of the 
powders being investigated was demonstrated to have varying degrees of difficulty, 
dependent upon the type of powder and image capture technique being used. The nitinol 
powder was proven to be the easiest to analyse, and therefore it can be used as a point of 
reference in the following discussion when elaborating upon the issues that were 
encountered during the process. 

5.1.1 Particle Size Distribution Characterization 

An interesting aspect of the nitinol powder, with regard to particle size, which was not 
observed in the two steel powders, was the presence of a secondary distribution, as seen in 
figure 14. By comparing the results of the particle analysis from each imaging technique, 
figure 15, it is clear that there is a discrepancy between the two methods.   
 
The main factor contributing to this discrepancy is most likely the fact that more particles 
were analysed using scanning electron microscopy (SEM). Furthermore, the particle size 
distribution (PSD) from the optical light microscopy (OLM) and SEM analysis might have 
been more similar if they weren’t processed in batches. To incorporate a degree of cross-
checking between the raw and processed image, while striving to keep the analysis 
automated, it is possible to create a script, or algorithm, and implement it on each 
micrograph separately. In order for differing features between micrographs not to be 
interpreted or analysed falsely specific parameters of the algorithm can be adjusted.  
 
The resulting PSDs from the analysis of the two steel samples in all likelihood do not 
accurately characterize the powder since the sampled powders that were sent to MSE had 
been sieved to exclude particles above 45 and 20 µm for the 17-4ph and 316L powders 
respectively. The presence of particles, as seen in figure 17, with area equivalent diameters 
larger than 50 µm indicates that the specific method of analysis is prone to bias. These 
statistical outliers can be explained by neighbouring particles or agglomerates, that were 
joined during processing or mounting, being analysed as one single particle. This effect is 
even more apparent in the case of the 316L sample, as seen in figure 19. Moreover, this 
methodical error might have skewed the results within the sieve fractions as well. The 
manual exclusion of thresholded regions deemed unfit for analysis contributes to the lack of 
repeatability of this method.  
 
The discrepancy between the two log-normal distributions in fig. 16 of the SEM and OLM 
analysis of the 17-4ph sample, in addition to the aforementioned methodical error, can be 
explained by the elimination of particles below 1 µm in the OLM micrographs as adopting 
the limit of resolution as a lower bound for analysis was not applied to the SEM micrographs.                  
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5.1.2 Sample Preparation 

The factors contributing to the difficulty of analysing the steel powders are directly related 
to the preparation of the samples. This is illustrated in the comparison between the nitinol 
and 17-4ph secondary electron-SEM micrographs, as shown in figure 12. Judging from this 
figure it is clear that the grinding and polishing stage affected the samples differently. The 
nitinol sample was successfully ground and polished in the same plane, whereas features 
present in figure 12 b, namely pits, suggest that particles were torn out from the 
surrounding Bakelite matrix, exposing particles beneath the ground plane. Another 
important feature of the 17-4ph micrograph, figure 12 b, is the presence of unpolished 
particles. Although the SEM was not used as an image acquisition technique for the 316L 
sample, it is reasonable to suggest that the unfocused blurry regions, present in figure 13, 
correspond to pits as well.  
 
There are several conceivable factors that may have caused or contributed to this issue of 
particles being torn out of the surrounding resin during sample preparation.  
The primary factor most likely is the extent of agglomeration; because an increased level of 
agglomeration will reduce the surface area of the particle in contact with the mounting 
resin, consequently decreasing the cohesive strength between particle and matrix. Other 
factors to consider include the bond strength between the resin and the powder (which 
might vary depending on the type of resin and metal), morphology of the powder and the 
grit used on the grinding disk.  
 
Before investigating the latterly mentioned factors attempts to disperse the particles more 
should be made through various methods. One such method being the use of smaller 
quantities of powder to cause the dispersion of particles to effectively increase. However, if 
satisfactory samples aren't produced using this technique the entire sample preparation 
process will need to be examined more thoroughly, and it may be worth considering that the 
agglomeration is an inherent property of the powder rather than a product of the sample 
preparation.  

5.1.3 Morphological Characterization 

Visually inspecting the micrographs provides a lot of information regarding the morphology 
of the powder, even if this information isn’t quantitative. The method is simple and has the 
possibility of revealing things about the manufacturing process as well as some bulk 
properties of the powder. Moreover, this descriptive method of inspection does not require 
that the samples be as well dispersed as the nitinol powder, i.e. a qualitative description of 
the 17-4ph and 316L is possible. However, if a more quantitative method of characterization 
is called for, the same factors which complicated the analysis of the size distribution of the 
steel powders would also affect the characterization of their respective morphologies.    
 
Although the results presented in figures 20 to 22 only represent a small portion of all the 
morphological aspects of a powder that can be characterized, the method is similar with 
respect to image analysis. The shape descriptors that were used, as the name suggests, only 
describe the shape of particles. Furthermore, no single descriptor can completely 
characterize the shape of a particle. OLM as a imaging technique is sufficient enough for the 
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analysis of particle shape, however, if other features are to be investigated, e.g. edge 
abrasiveness, or smoothness, then the resolving power of the microscope will not be enough 
to reveal the fine detail that is required. SEM on the other hand is able to meet the 
resolution requirements of this type of analysis.  

5.1.4 Porosity Characterization 

Despite using the same micrograph for the three pore analysis methods, none of the 
methods yielded the same result. The discrepancy between methods 1 and 2, as seen in 
table 3, can partly be explained by the fact that the second method excluded some regions 
to be analysed by having a lower limit for the circularity. These regions would have been 
included in the analysis of the first method, thus resulting in a higher porosity of 0.29%.  
 
The inability to cross-check while batch processing the images using the third method of 
pore analysis makes it difficult to discuss the results. Nevertheless, one factor that most 
likely influenced the results, and might explain the discrepancy, is that the threshold 
algorithm being used would threshold the individual particle differently when compared to 
that same particle in the original micrograph.  
 
For the purpose of this assessment an OLM micrograph was used to evaluate these 
methods, however, if a serious attempt of characterizing the porosity of a powder was to be 
made the images would need to be acquired by SEM since a significant number of pores are 
smaller than the limit of resolution of the optical light microscope.  
 
After an initial comparison between the images generated using secondary electrons and 
backscattered electrons (BSE) it seemed that, due to the higher contrast between the pores 
and particle, BSE micrographs would be more suitable for analysing pores. Although, if the 
analysis of pores is going to be conducted using BSE micrographs it is important that the 
method employed is able to distinguish between pores and regions of deviating 
composition. In figure 14 the darker region circled in red represents one such region, and if 
any of the porosity analysis methods used in this study were to be implemented on a 
micrograph containing this particle, this region would be included in the analysis.  
 
Lastly, with regards to characterizing porosity, it is worthwhile noting that none of the 
methods tested were able to analyse surface pores.   
 

5.2 EDS 

Energy dispersive x-ray spectroscopy (EDS) provides a simple and useful way to investigate 
the rough composition of a powder sample. This is in many cases enough to determine the 
relevant characteristics, such as in cases where phases have a sufficiently different 
composition, as is usually the case. It can be used to determine if there has been significant 
segregation of alloying elements in the particles, to determine is a colour difference is due to 
a pore or an inclusion and to estimate the depth of any oxide layers. For more accurate 
investigation of lighter elements such as carbon and oxygen WDS can be used as a 
complement. 
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5.3 Methods not investigated 

There should be nothing to prevent grinding, polishing and etching a powder sample the 
same way one would with a larger metal sample, as long as the appropriate etchants are 
available. For some materials the right etchants are already available and for others, such as 
the powders investigated here, the etchants would need to be purchased. The price is not 
prohibitive, and this should not provide any problem. Microstructural investigation can give 
an idea of both hardness (phase composition and grain size) and chemical composition (how 
much of each phase is present). XRD equipment and databases are available, and the 
method can provide a complement to microstructural investigation by revealing the crystal 
structure of any eventual unknown phases.  
  
Measuring hardness should be possible for smaller quantities of particles, as simple 
equipment is available, but automatization is difficult at this time as the indented samples 
need to be examined in a microscope after testing to determine the result of the hardness 
test.  
  
Bulk properties such as flow rate and apparent density can be evaluated at MSE using 
(relatively small and simple) specialized equipment that was acquired during the course of 
this project, but which was not evaluated due to arriving close to the end of the project. 
 

5.4 Social and Ethical Aspects of Characterization 

Social and ethical concerns with respect to powder characterization are not of great importance 
when deciding what characterization technique to use since there aren’t currently multiple methods 
to choose from at MSE, when analysing a certain powder property, so it is not entirely relevant to 
discuss the impact these techniques might potentially have with regard to social and ethical aspects, 
as there aren’t any alternative methods to compare with. 	
		
On a more general note, however, the success of the Departments ability to conduct meaningful and 
relevant research within the field of powder metallurgy will hopefully translate to increased 
knowledge of how powder properties affect processing and performance of manufactured parts, and 
that this better understanding will result in positive impact with respect to socio-economic, 
environmental and ethical factors, e.g. reduced material and energy usage during manufacturing or 
enhanced performance of individually tailored medical implants.    	
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6 Conclusion 
All of the powder properties that were considered within this assessment have been 
deemed possible, to an extent, to characterize using the current equipment and resources 
available at MSE, however, not all properties are feasible to characterize with respect to the 
assessment criteria. For instance, if a higher level of confidence is required for a particular 
size distribution measurement, having a relatively large geometric standard deviation, the 
minimum number of particles to be analysed could be in the range of ten to a hundred 
thousand, which would result in a time-intensive task when using static image analysis.  
 
The ability to accurately characterize a powders size distribution is dependent upon the 
quality of the image acquired, which is directly related to the preparation of the sample. If 
the issues regarding the sample preparation are be solved, then the analysis of particle size 
is entirely possible and feasible when analysing under 10 000 particles.  
 
The same reasoning can be applied to the characterization of morphology, i.e. if an adequate 
amount of dispersion among particles is achieved and the image acquisition process has 
been carried out properly, then the only limitations to consider are the image processing 
and analysis software, and the knowledge of the researches at the Department. Therefore, 
the characterization of powder morphology is possible and feasible, dependent upon the 
quality of the image acquired.  
 
A quantitative analysis of powder porosity using either the optical light microscope (OLM) or 
the scanning electron microscope (SEM) was not found to be possible, however, further 
investigation (using the SEM or Field Emission-SEM to acquire higher resolution images) is 
necessary to ascertain whether or not powder porosity is able to be characterized. On the 
other hand, the characterization of porosity is not very feasible when taking into account the 
cost of operating the Field Emission-SEM and the time required to analyse a sufficient 
number of particles.  
 
Regarding the composition of a powder sample, it is possible to carry out both qualitative 
and quantitative characterisations by means of Energy Dispersive X-ray Spectroscopy, for 
elements as light as sodium. In the event of an analysis resulting in uncertainty due to 
overlapping spectra, the Wavelength Dispersive X-ray Spectrometer can be used to achieve 
higher resolution, however this affects the feasibility of the method since this would 
increase the duration of the analysis, leading to higher operational costs.  
 
The metallographic techniques currently available at the Department of Material Science 
and Engineering (MSE) are sufficient for the purpose for investigating the microstructure of 
metal powders. The characterization is more or less dependent upon the knowledge of the 
researchers at the Department. Furthermore, if there are specific chemicals that need to be 
present in an etchant, which aren’t readily available at MSE, the costs of acquiring them will 
not be significant enough to reduce the feasibility of this type of characterization.  
 
At present, concerning the ability to analyse the crystal structure of a powder, there are no 
indications that the capabilities at MSE are insufficient. The method of powder diffraction is 
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well established and grounded in literature, and free powder diffraction databases are 
available online for the analysis of X-ray spectra.  
 
Lastly, with regard to the hardness of a metal powder, it is possible characterize this 
property using the current resources at MSE, i.e. a micro-indentation instrument, given the 
right conditions are met with respect to the appropriate choice of mounting resin. However, 
since there are no instruments to assist with the automatization of analysis, it is not feasible 
to manually measure the indentations to characterize this property.    
           

6.1 Recommendations 

First and foremost, for the benefit of the development of this new research area, it is 
recommended that a more in depth assessment of the powder handling and sample 
preparation be carried out since it is such a critical stage in the characterization process.  
  
For the properties that are regarded as impractical to characterize utilizing existing 
equipment at MSE, it might be advantageous to expand/extend this assessment to include 
other departments at KTH Royal Institute of Technology and industry partners, in order to 
expand upon the current characterization resources available to the researches at the 
Department. Although, factors such as interdepartmental research will need to be taken into 
consideration.  
  
Another recommendation worth considering is putting together a nanoindentation or depth 
sensing indentation device to measure the hardness of particles with greater precision. 
Moreover, by being able to record the penetration depth and corresponding force 
simultaneously, the analysis time will be significantly reduced compared to the micro-
indentation method. 
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