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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

In this study, metal matrix composites (MMC) of a CoCrNi medium entropy alloy (MEA) reinforced with titanium nitride (TiN) nano-sized 
particles were designed for production by laser-based powder bed fusion (LB-PBF). Two different additions, 0.5 wt% and 5 wt% of TiN nano-
sized particles, were mixed with CoCrNi using tumbling and ball milling, respectively. The results suggest that although the powder morphology 
is not significantly affected by the TiN addition, the processability of CoCrNi-5 wt% TiN is worse than that of CoCrNi and CoCrNi-0.5 wt% 
TiN. The hardness of CoCrNi, originally 278 HV, is enhanced by addition of 0.5% and 5% TiN to 309 HV and 357 HV respectively. This
hardening is mainly due to the presence of reinforcement particles in the matrix. The work presented here shows promising processability of 
MMC based on MEAs by LB-PBF, as well as the beneficial effect of the reinforcement phase on the mechanical properties of MEAs.
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1. Introduction

Additive manufacturing (AM) processes have rapidly
revolutionized the manufacturing landscape over the past few 
decades. Among the AM processes, laser-based powder bed 
fusion (LB-PBF) has grown from rapid prototyping to 
manufacturing for applications in high performance aerospace 
and automobile components [1,2]. This development in the 
technology also resulted in an improvement in the material 
portfolio either by adapting the existing conventional materials 
or by developing new materials that cater to LB-PBF 
processing conditions.

Metal matrix composites (MMC) are one class of materials 
which consist of a continuous metallic phase as the matrix and 
a reinforcement phase. One important characteristic of the 
MMC is that, unlike conventional alloys, the combination of the 
matrix and the reinforcement phase remain distinct throughout 
the processing. This unique combination of soft metallic phase 

with a hard reinforcement phase improves the mechanical 
properties in a manner different to any other class of materials
[3]. Reinforcing the metallic phase with a discontinuous 
reinforcement phase also helps in achieving isotropic properties
due to the ability from the reinforcement phase to inhibit the 
dislocation motion, finding wide applications of MMC in the 
aerospace and automobile industries [4–6].

Manufacturing of MMC is traditionally done by i) liquid-
state processes (for example, casting), ii) solid-state processing
(for example, powder metallurgy) or deposition processing (for 
example, vapor deposition) [3,7]. However, traditional routes 
for manufacturing of MMC are typically expensive and could 
result in issues such as segregation and low densification [8–
10]. With the recent advances in the field of AM and especially 
in LB-PBF, there is a growing interest in the AM of MMC
owing to its unique advantage of near-net shape manufacturing 
of complex geometries, thereby reducing the costs for post 
processing such as machining.
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1. Introduction

Additive manufacturing (AM) processes have rapidly
revolutionized the manufacturing landscape over the past few 
decades. Among the AM processes, laser-based powder bed 
fusion (LB-PBF) has grown from rapid prototyping to 
manufacturing for applications in high performance aerospace 
and automobile components [1,2]. This development in the 
technology also resulted in an improvement in the material 
portfolio either by adapting the existing conventional materials 
or by developing new materials that cater to LB-PBF 
processing conditions.

Metal matrix composites (MMC) are one class of materials 
which consist of a continuous metallic phase as the matrix and 
a reinforcement phase. One important characteristic of the 
MMC is that, unlike conventional alloys, the combination of the 
matrix and the reinforcement phase remain distinct throughout 
the processing. This unique combination of soft metallic phase 

with a hard reinforcement phase improves the mechanical 
properties in a manner different to any other class of materials
[3]. Reinforcing the metallic phase with a discontinuous 
reinforcement phase also helps in achieving isotropic properties
due to the ability from the reinforcement phase to inhibit the 
dislocation motion, finding wide applications of MMC in the 
aerospace and automobile industries [4–6].

Manufacturing of MMC is traditionally done by i) liquid-
state processes (for example, casting), ii) solid-state processing
(for example, powder metallurgy) or deposition processing (for 
example, vapor deposition) [3,7]. However, traditional routes 
for manufacturing of MMC are typically expensive and could 
result in issues such as segregation and low densification [8–
10]. With the recent advances in the field of AM and especially 
in LB-PBF, there is a growing interest in the AM of MMC
owing to its unique advantage of near-net shape manufacturing 
of complex geometries, thereby reducing the costs for post 
processing such as machining.
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High entropy alloys (HEAs) and medium entropy alloys 
(MEAs) are novel classes of alloys, in which the formation of 
simple solid solution phases can be stabilized by the 
configurational entropy. Accompanying with the increasing 
interest in HEAs, there is also a growing interest in reinforced 
composites based on HEAs, to further enhance the mechanical 
properties of HEAs using the traditional manufacturing routes 
[11,12]. However, not much work has been reported on the LB-
PBF fabrication of MMC with an MEA as the matrix. 
Equiatomic CoCrNi belongs to MEAs and has recently 
attracted increasing attention due to its excellent phase stability 
and mechanical properties [13–15]. 

The present work demonstrates the processability, 
densification, microstructure, distribution of the reinforcement 
phase in the CoCrNi MEA, as the metallic phase and the 
resulting influence of the ex-situ addition of 0.5 wt% and 5 wt% 
of titanium nitride (TiN) nano-sized particles TiN particles, as 
the reinforcement phase, on the mechanical properties of the 
CoCrNi-TiN MMC.  

2. Materials and Methods 

Pre-alloyed gas atomized equiatomic CoCrNi MEA powder, 
with the particle size distribution (PSD) between 15 µm and 45 
µm supplied by Höganäs AB, were utilized in this work. 0.5 
wt% and 5 wt% of TiN nano-sized particles with an average 
size of 80 nm (US Research Nanomaterials, Inc) were added to 
the MEA powders. Mixing of the alloy powders with 0.5 wt% 
TiN particles was conducted in a tumbler placed inside a glove 
box, while mixing of the alloy powders with 5 wt% TiN 
particles was carried out using ball milling with a powder to 
ball ratio of 1:5 for 15 minutes. The PSD was measured by laser 
diffraction using a Mastersizer 3000 equipment. The 
measurement was repeated 5 times for each powder batch in 
order to get an accurate estimate of nanosized and micron sized 
particle size distributions. The Brunauer-Emmett-Teller (BET) 
specific surface area (SA) was measured by a Micromeritics 
Gemini VII surface area analyzer. The powder was dried in 
nitrogen at 200 ⁰C for 2 hours, before the flowability behavior 
was studied using a revolution powder analyzer (RPA) from 
Mercury Scientific. An equal sample size of 110 grams of each 
powder composition was taken. The avalanche angle was 
measured using the multi-flow method varying the speed from 
1 to 50 revolutions per minute (RPM) in which 75 avalanches 
per speed were analyzed. The tap density values were obtained 
by averaging ten cycles of tapping and vibration. 

All the three materials (without and with 0.5 wt% and 5 wt% 
of TiN) were printed by means of LB-PBF using an EOS-M100 
machine equipped with a 200 W Yb-fiber laser with a spot size 
of 40 µm. All the materials were printed with a 20 µm layer 
thickness in Argon atmosphere with scan rotation of 67° was 
used between the subsequent layers. For the purpose of design 
of experiments (DoE), cubes of 10 mm x 10 mm x 10 mm were 
produced with varying printing parameters.  

The as-printed samples were then removed from the build 
plate and sectioned parallel to the building direction, hot-
mounted in a conductive resin. The mounted samples were then 
polished to mirror finish for microstructural analysis. The 
densification of the printed samples was measured by image 

analysis of the stitched optical microscopy images using the 
Zeiss Axiovision 7 software, in which the entire cross sections 
of the printed samples were covered. The microstructural 
characterization and compositional analysis were performed 
using the Leo Gemini 450 scanning electron microscope 
(SEM) equipped with an X-Max energy dispersive 
spectroscopy (EDS) detector. All the three materials were 
evaluated for hardness using a Struers Durascan 70 G5 tester at 
1 kgf load for a dwell time of 15 seconds.  

3. Results and Discussion 

3.1. Powder properties 

Surface characteristics of the virgin and mixed powder of all 
the three variants are shown in Fig. 1. The virgin CoCrNi 
powder particles show a spherical morphology with visible 
grain boundaries on the surface, and some very fine satellites 
are attached to the particles as shown in Fig. 1a. Powder 
particles from CoCrNi - 0.5 wt% TiN also show a spherical 
morphology, with TiN particles homogenously coated on the 
surface of the CoCrNi powder as shown in Fig. 1b. CoCrNi - 5 
wt% TiN particles, however, show agglomerates of the TiN 
particles both on the surface of the CoCrNi particles and near 
them as seen from Fig. 1c. The PSD of powders for all the three 
powder variants looks rather similar, with D50 circa 32 µm as 
seen in Fig. 1d. The PSD of CoCrNi - 5 wt% TiN shows a small 
peak for particle sizes between 2 and 8 µm (inset), most 
probably due to agglomerates of the TiN particles, as also 
observed in the SEM images (Fig. 1c). 

Fig. 1 Scanning electron micrographs of a) Virgin CoCrNi b) CoCrNi mixed 
with 0.5 wt% TiN c) CoCrNi mixed with 5 wt% TiN and d) particle size 
distribution (PSD) of all three variants. 

The flow behavior determines the quality of the powder 
layer deposited onto the build plate, and the tap density shows 
how the powder is closely packed for full melting by the laser 
beam. Fig. 2 shows the avalanche angle values obtained with 
the RPA, specific surface area (SA) and tap density for each 
powder composition. The best flowing powder is the virgin 
CoCrNi powder, followed by the CoCrNi - 0.5 wt% TiN while 
the variant having 5 wt% added TiN shows the worst 
behaviour. The flow behavior worsens with the increasing 
content of TiN nano-sized particles due to an increase in SA. 
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Similarly, the tap density decreases with the addition of TiN 
nano-sized particles and subsequent increase in SA (Fig. 1b), 
with the decrease being marginal with 0.5 wt% TiN addition. It 
can be summarized that adding small amounts of TiN nano-
sized particles, 0.5 wt% in this case, does not significantly 
affect the powder flowability and tap density. 

Fig. 2 (a) Flow behavior of the virgin and mixed powder tested with the RPA 
in the dynamic regime from 1-50 RPM. The powder avalanche morphology is 
represented by binary images. (b) Tap density versus specific surface area. 

3.2. Processability and microstructural characterization 

 
Fig. 3. Contour plots showing the influence of hatch distance and scan speed 
for parts printed at a constant power of 110W as a function of measured 
relative densities for a) CoCrNi + 0.5 wt% TiN and b) CoCrNi +5 wt% TiN. 

Fig. 3 shows the contour plots obtained from the DoE 
analysis of the relative densities of as-printed samples. The 
CoCrNi - 0.5 wt% TiN powder shows better processability with 
a larger process window (as shown in Fig. 3a), which is critical 
for high productivity in LB-PBF. From the process window of 
the CoCrNi - 5 wt% TiN powder (Fig. 3b), it can be concluded 
that a high density is achieved at low scanning speed and short 
hatch distances, indicating that a higher energy input is needed 
to achieve a high density, when the amount of reinforcement 
phase is increased. This could be due to the differences in the 
thermal properties between the TiN phase and the CoCrNi 
metallic phase and high melting point of TiN (2950 °C) 

necessitating the high energy input to achieve full 
densification[16,17]. 

SEM backscattered images of the as-printed samples are 
shown in Fig. 4. The addition of TiN nano-sized particles did 
not have any noticeable influence on the microstructure. All 
three variants, with and without TiN addition, show a typical 
LB-PBF microstructure with a mixture of epitaxially grown 
long columnar grains together with some small equiaxed grains 
along the building direction. Small grains observed in the 
CoCrNi material could be due to the 67° scan rotation between 
the subsequent layers which disrupts the solidification 
conditions that facilitate the epitaxial growth of columnar 
grains [18]. The presence of dark particles in the CoCrNi - 0.5 
wt% TiN and CoCrNi - 5 wt% TiN suggests that the added TiN 
particles are rather homogenously distributed in the CoCrNi 
matrix, and the role of different TiN additions could be clearly 
reflected in the microstructure. Compared to the lower TiN 
content which results in finer dark particles, the higher TiN 
content leads to the agglomerates of originally 80 nm sized 
particles, possibly formed during the ball milling process. Still, 
in both cases there is evidence that the distribution of non-
agglomerated TiN particles is much finer, with average 
distance between TiN particles in the matrix much smaller than 
that of the CoCrNi particle size as a result of redistribution 
occurring during the LB-PBF process. 

Fig. 4. SEM backscattered electron images of as-printed samples of a) 
CoCrNi, b) CoCrNi - 0.5 wt% TiN and c) CoCrNi - 5 wt% TiN samples and 
d) PSD of TiN particles in both TiN containing materials as measured from 
the feature analysis. 

Fig. 5 shows an EDS line scan on one of the particles in the 
as-printed CoCrNi - 5 wt% TiN. The presence of a core-shell 
structure with an oxide core and a nitride shell was observed. 
Such core-shell structure was not observed in the CoCrNi - 0.5 
wt % powder TiN. The reasoning behind could be that due to 
ball milling of the CoCrNi - 5 wt% TiN powder was performed 
at atmospheric conditions, and the temperature during the 
milling process could easily exceed 100 °C, this resulted in the 
surface oxidation of the TiN nano-sized particles. Though the 
added TiN particles are 99.7% pure, they readily oxidize 
resulting in the formation of a thin oxide film on the surface 
even at room temperature [19–21]. During the printing process, 
the high energy input used for achieving full densification 
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might have caused either partial or full melting of some of these 
particles as seen in Ref. [22,23]. During the solidification 
process, titanium oxides nucleate first, which act as nucleating 
sites for titanium nitrides, leading to the core-shell structure. 

Fig. 5. EDS line scan analysis of TiN particle, showing the presence of 
oxygen rich core and nitrogen rich shell. 

Additionally, the increase in TiN content from 0.5 wt% to 5 
wt% has also influenced the number and size distribution of 
these reinforcement phases in the CoCrNi matrix. The 
classification of the particles was done based on the elemental 
data obtained from the EDS analysis. Particles containing only 
nitrogen or both nitrogen and oxygen were considered for the 
feature analysis. Based on this classification, the TiN PSD in 
the matrix of LB-PBF samples is shown in Fig. 4d.  

The average size of the TiN particles as measured from the 
feature analysis for CoCrNi - 0.5 wt% TiN material is circa 80 
nm, close to that of the starting TiN size, while the average size 
of particles for CoCrNi - 5 wt% is circa 140 nm. Even with the 
increased TiN particle size, the number density (per unit area) 
in CoCrNi - 5 wt% TiN material is circa 40 % greater than that 
in CoCrNi - 0.5 wt%. 

3.3. Mechanical properties 

 
Fig. 6. Hardness plot of as-printed samples of a) CoCrNi, b) CoCrNi - 0.5 
wt% TiN and v) CoCrNi - 5 wt% TiN, showing the influence from the TiN 
reinforcement. 

Hardness tests were performed on the as-printed samples of 
all three variants of the alloy, in order to understand the 

influence of the TiN reinforcement the results are shown in Fig. 
6. CoCrNi in the as-printed state exhibited a hardness of 278 
HV. Addition of TiN to the CoCrNi clearly increased the 
hardness, with CoCrNi - 0.5 wt% TiN and CoCrNi - 5 wt% TiN 
showing a hardness of 309 HV and 357 HV respectively. This 
shows a stronger influence from the number density, than that 
from the average TiN particle size.  

4. Conclusions 

The aim of this study was to develop new MMC based on a 
CoCrNi MEA reinforced with TiN nano-sized particles, and to 
demonstrate their processability by LB-PBF. Following 
conclusions can be drawn from this study: 
• Addition of 0.5 wt% and 5 wt% of TiN did not 

significantly influence the morphology of the CoCrNi 
MEA powder, although the CoCrNi - 5wt% TiN powder 
showed the presence of agglomerates formed during ball 
milling.  

• The addition of TiN resulted in a decrease in flowability 
and tap density of the powders, which was more 
significant for the CoCrNi - 5 wt% TiN powder. 

• The processability by LB-PBF was tested by running a 
DoE, which showed a wider process window for CoCrNi 
- 0.5 wt% TiN compared to CoCrNi - 5 wt% TiN. Higher 
energy input is essentially needed to achieve full 
densification with the increasing content of the 
reinforcement phase. 

• The reinforcement phase is uniformly distributed in both 
CoCrNi - 0.5 wt% TiN and CoCrNi - 5 wt% TiN. 
CoCrNi-wt% TiN showed a 10 times higher particle 
density compared to that in CoCrNi-0.5 wt% TiN. 

• The hardness of as-printed CoCrNi, originally 278 HV, 
was enhanced by addition of 0.5 wt% and 5 wt% TiN to 
309 HV and 357 HV, respectively. 

The results achieved in this work demonstrate that LB-PBF is 
a promising technique to prepare MMC based on MEAs, with 
improved mechanical properties. 
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