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Abstract. Selecting the optimal material from a wide range of competitive vari-
ants significantly affects the final technical success of the product development.
It avoids undesirable cost consequences and possible premature failure in the
marketplace. Today, among the criteria for choosing materials, the emphasis has
shifted more towards considering economic aspects and environmental impact.
Various defects can occur during the life cycle of a material, from the produc-
tion of original components to the commissioning of a product in the field. The
nature of the deficiencies must be quickly identified and appropriate action taken.
It has created a tendency to solve material selection problems using root cause
analysis as the most useful problem-solving method in the engineering toolbox.
The concepts and step-by-stepmethodology selected for research quality manage-
ment tools in root cause analysis (Cause and Effect Analysis, Failure Mode and
Effects Analysis, Quality Function Deployment, and Life-cycle Assessment) are
considered in the paper. The main advantages and disadvantages of each method
are established. Practical cases of using these methods to decide concrete applied
problems in polymer materials science are described.

Keywords: Product innovation · Sustainable manufacturing · Root cause
analysis · Cause and Effect Analysis · FMEA · QFD method · Life-Cycle
Analysis · Life-Cycle Assessment · Process innovation

1 Introduction

At the base of materials science are the well-known paradigm (Fig. 1) about the rela-
tionship between the material structure, the processing methods for obtaining this mate-
rial, and the resulting material properties. A complex combination of all these aspects
provides material performance in a specific application [1].

Ultimately, materials affect product function, customer satisfaction, manufacturing
systems, product lifecycle, who uses or manufactures it, usability, product identity, work
environment, and cost [2].

Selecting an appropriate material or group for product design is often a complicated,
responsible, and complex task for engineers. Material selection is a tedious task in
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Fig. 1. Materials science paradigm.

manufacturing because many factors need to be carefully assessed before making a
final decision [3]. The basic requirements may vary from application to application.
Still, several other interrelated factors may also need to be considered depending on the
operating environment,making the selection processmore complex and time-consuming
[4]. In the past, material selection was only a small part of the design process. Therefore,
it did not receive the same level of research and development as other areas of design
[2].

Nevertheless, fewmethods have been developed to solvematerial selection problems,
some of which can be applied to material selection and any design selection procedure
[5]. Today there is no one standard and universal method, but there are also widely used
methods such as computer databases, performance indicators, decision matrices, expert
systems, cost analysis, failure analysis, cost-benefit analysis, and so on [6].

Failure analysis is the logical and systematic evaluation of a component through
analytical observation and verification of good engineering practice. Depending on the
defect, the researcher may perform a damage analysis using macroscopic and micro-
scopic examination, analysis of the composite material, assessment of the supramolec-
ular structure, and physical or mechanical testing. Both indestructible and destructive
testing can be performed. Although the selection of experimental materials, such as
testing and prototyping, is the most accurate for a specific design solution, due to the
time required and the high cost of experiments, especially if more material needs to be
considered, this quickly becomes impossible [7].

Root cause analysis (RCA) is one of the easiest and simplest ways to solve a problem
in an engineering toolbox. It is used to identify the root causes of failures (defects,
malfunctions) in engineering systems and to eliminate them [8].

This paper presents the theoretical foundations of the concept of four manage-
ment tools and practically shows how they can and should be used for visualization,
assessment, and further analysis of polymer materials during operation.
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2 Research Problem

2.1 Definition of Criteria on Materials Selection in Product Development

In practice, the material engineer must control three factors that affect the cost of a
product: the design of the components, the materials, and the manufacturing technology
(Fig. 2) [9]. These factors are interrelated in that the creation of an element can affect
what material is used, and both the design of the component and the material used to
impact the manufacturing technology choice.

Fig. 2. Fundamental factors in sustainable manufacturing.

Some of the cost of a product component is related to its design (specification of size,
shape, and configuration that affect the performance of the parts). Therefore, the design
concept must consider the contribution of each component to the efficient operation of
the entire system. The choice of materials with the appropriate combination of properties
is based on the principle of affordability (least expensive). Therefore, a comparison is
made of the cost of various competitive materials based on the price of each part. The
choice of manufacturing process will be influenced by both the material selected and
part design [10].

Materials play a crucial role in the “technology – economy – environment” scheme.
So, the final product must be designed to have a minimal environmental impact. In
addition, at the end of the service life, it must be possible to recycle the materials of the
components, or at least dispose of them with minimal environmental impact [11].

2.2 Basic Methods of RCA for Development of Products or Services

Root cause analysis is used in lean production and helps to identify the root causes of the
problem [12]. The main purpose of this method is to find the root cause of the problem
through a series of questions: what happened, how it happened, and why it happened.
This systematic approach to problem-solving is the root cause. It will help to develop
solutions to the problem to prevent a recurrence. The general methodology of RCA is
presented in Fig. 3.
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Fig. 3. Generalized RCA methodology.

RCA includes quite well-known and popular techniques for visualization, statistics
collection, and quality analysis like 5 Whys, Fishbone diagram, FMEA method, Pareto
method, etc. [13].

For our research, we settled on four of the most applied in the practice of materials
science RCA tools: make a Fishbone diagram and analyze polymer composite defects
by FMEA, make a house of the quality of polymer materials, and study the technique of
LCA.

3 Results

3.1 Application of Cause and Effect Analysis for Defective Polymer Composite
Material

The Cause and Effect Analysis helps identify the main factors that make the most sig-
nificant contribution to the problem under consideration and prevent or eliminate their
action. This method has already found its practical application in the diagnosis and
defectoscopy of materials, in particular, to identify the leading causes of failure of the
mounting bracket of the car bracket [14], chemical industry to assess the safety of spher-
ical natural gas tank [15], biodiesel production technology [16], in automotive industries
[17], etc.

The following steps illustrate the methodology of the Cause and Effect Analysis:
So, according to the main steps in Fig. 4, the materials science problem of obtained

polymer composite blanks with low physical and mechanical properties was analyzed.
These blanks are intended to manufacture various antifriction products by machining,
including sliding bearings,O-rings ofmovable bearings and other friction units operating
in air and liquidmedia, wet and dry gases in vacuum in the temperature range fromminus
120 °C up to 260 °C. Blanks were obtained from a polymer composite, which does not
meet the standard indicators (underestimated properties). The material of these blanks
was Flubon 20 (80% polymer matric of PTFE and 20% carbon fibers) [18]. A Fishbone
diagram was constructed (Fig. 5).
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Fig. 4. Four main steps to applicate the tool of Cause and Effect analysis.

Fig. 5. Fishbone diagram of analyzing the defective polymer composite material.

A visual analysis of the machined turned surfaces of the test specimens revealed
the following surface defects of the material surface: nonuniform distribution of carbon
fiber in the polymer matrix, a patchy structure (alternating black and white spots), and
the presence of cracks. During wear tests, an increase in temperature in the friction zone
up to 200 °C was noted. It led to the seizure of the sample with the counter body. This
phenomenon is associated with the material’s low physical and mechanical properties
(low density, uneven distribution of the filler in the polymer), confirmed by the tests
carried out. All samples have a low elongation at break (30–100%). As a rule, this
is a consequence of poor-quality mixing of the initial components – the presence of
underground or coagulated fiber in the composition matrix.

The reasons were categorized into six key positions – person, method, material,
mechanisms, control, and environment. The most significant causes of this problem
were revealed with the employee’s low qualifications and a violation of the mixing
technology. In connection with the high responsibility of such products made from this
material in the industry, it would be necessary to check the physical and mechanical
properties of the entire batch. This problem would lead to the loss of material part,
additional money and time, or replacement of the whole batch.
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3.2 Investigation and Assessment of Macroscopic Polymer Composite Defects
Using FMEA

At present, at least 80% of the processing of materials and technologies is carried out
using the analysis of types and consequences of potential incompatibilities (FMEA
methodology) [19]. The management of global companies widely introduces the types
and consequences of potential incompatibilities for developing new designs and tech-
nologies, analysis, and planning of production processes and products [20]. Thismethod-
ology makes it possible to assess the risks and potential damages from potential or exist-
ing defects from the initial design stage to create the finished product or its components
[21].

In addition, the scopeof themethod covers all stages of thematerial life cycle, all tech-
nological processes, and trade [22]. The methodology of conducting any product/design
FMEA involves following the steps (Fig. 6).

Fig. 6. The general methodology of the FMEA.

For example, FMEA was used to assess the macroscopic defects of polymer com-
posite materials. External defects are various surface cracks, scratches, chips, chipping,
etc.

At the macroscopic level, the following polymer composites characteristics were
determined: uniform distribution of components; the number of components of themate-
rial, visually different in its structure; a geometric arrangement of the reinforcing filler;
the geometric shape of the material components.

Finally, according to the FMEA methodology described in [23], it was assessed
typically surface defects of polymer composites and established of permissible values
for their characteristics. The results of the analysis are presented in Table 1.

Although surface defects slightly affect the mechanical properties of materials in the
initial period of their occurrence, but they must be eliminated since the violation of the
continuity of the outer surface of the material can further contribute to the penetration
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Table 1. FMEA matrix.

Analyzed defect Protentional
causes

Possible
consequences

S·O·D*,
Risk assessment

Detection of the
problem

Surface crack Improper mode of
forming the
workpiece, high
cooling rate.
Shock effects
during operation

Damage to the
elements of the
upper, inner,
through detail
part

9·3·3 = 81
defect is not
critical (less than
100–120)

Determined
visually,
dependence on
the size of the
defect part,
affected layers
and direction of
cracks

Scratch Carelessness
when removing
parts from tooling
and machining

Changes in the
material
composition in
the cross section
of the defect and
physical and
mechanical
properties

5·1·3 = 15
are not
large-scale

Determined
visually, depth
and width of the
defect,
orientation of
the defect on
detail

Inclusions Getting foreign
materials in the
manufacture of
prepreg

5·4·4 = 80
defect is not
critical

Dimensions and
thickness of the
inclusion. Depth
of occurrence

Chips, cuts and
holes

Negligence when
removing parts
from equipment,
transportation,
storage,
machining

They are voltage
concentrators
and reduce
strength of
composites

4·2·2 = 16
are not
large-scale

Defect
dimensions,
width, depth

Local areas with
high fiber
content, matrix
or pores

Non-compliance
with the mode of
formation, time
and magnitude of
the applied drop,
heating rate

The degree of
danger of these
defects
ultimately
depends on the
size, shape and
location of the
defect

9·4·3 = 91
defect is not
critical

Determined
visually,
dependence on
the size of the
defect part,
affected layers

* Notes: S (severity) – assessment of the most serious consequences of potential failure for con-
sumers;O (occurrence) – the probability of specific causes andmechanisms of failure;D (detection)
– assessment of the ability of the proposed management actions to detect this type of failure.
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of aggressive media, which, ultimately, will significantly reduce the service life of the
product.

Thus, this methodology can be successfully applied to all types ofmaterials. It makes
FMEA a universal management tool for assessing materials quality.

3.3 QFD Method

QFD is a flexible decision-making method that helps developers focus on the criti-
cal characteristics of a new or existing product or service from the perspective of an
individual customer, market segment, company, or development technology [24]. The
methodology results are clear diagrams and matrices that can be reused for future goods
or services [25, 26].

In general terms, QFD consists of four matrices necessary to link the functions of
the company and the needs of customers. These are product planning, part placement,
process planning, and production planning schedules (Fig. 7). The initial QFD building
process begins with a matrix that links customer needs to technical requirements and
competitive information. This process is followedby a sequence ofmatrices that integrate
the technical requirements into the design, operation and production system [27].

Fig. 7. Four QFD matrices.

The QFD quality function is deployed using a house-shaped diagram in which these
matrices fit together (Fig. 1). It is named according to its form «House of Quality»
(HOQ). The HOQ matrix is a basis that drives the entire QFD process and provides the
tools to integrate customer requirements with technical requirements. The six building
blocks of the HOQ matrix are described below (Fig. 8).

The central part of the house (3) is a table whose columns correspond to the technical
characteristics (2), and the lines meet the requirements of the consumer (1). The level of
addiction is noted in the cells, if any. The house’s roof (5) represents information about
the correlation between the technical characteristics. The left room (1) includes a column
for the importance of customer requirements. The right room (4) consists of assessing
the fulfillment of needs (from the consumer’s point of view) for similar products on the
market. The basement of the house (6) contains the results of the analysis of the technical
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Fig. 8. House of quality matrix.

characteristics of competing products, the target values of the technical aspects of the
products, estimates of the absolute and relative importance of the characteristics.

This methodology was used to carry out a quality analysis of developed polymer
composites based on polytetrafluoroethylenewith different fillers [28]. Figure 9 is shown
for the most important indicators of products made of polymer composite material,
where the links between requirements and characteristics are shown. The intensity of
relationships is determined by the expert method.

The properties of products made of polymer materials are largely determined by
the matrix’s properties, the mixture’s composition, and the modes of manufacturing
processes. First, the parameters of the technological regime were ordered in order of
importance (from 1 to 5) (Fig. 9, column 3). Then a connection was established between
the technological mode parameter and characteristic (assign weights to strong, medium
orweak links, respectively, 9, 3, 1). The transformation of customer requirements through
QFD allows determining the relationship between requirements and characteristics. To
determine the advantages of the developed materials in comparison with the industrial
analogue, a comparison was made of the degree of consumer satisfaction (from 1 to 5).

Based on QFD analysis, it was found that the main parameters characterizing the
required properties of the products under study are the strength at break, intensity of
wear, and durability. The most significant factors affecting these parameters are material
of polymer and filler and its technology of mixing. The influence of these parameters
should be investigated to establish quantitative dependencies. Themost priority technical
characteristics were identified for further research and development of recommendations
for improving quality.

3.4 LCA Analysis

Many of the industrial materials we consume come from non-renewable sources. These
include most polymers that are used as raw materials for use, petroleum, and some
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Fig. 9. House of the quality matrix for polymer composites.

metals. These valuable resources are gradually depleted, which requires new solutions:
increasing resources, processing new materials comparable in volume to the environ-
ment, increasing results or developing new processing technologies. From the point of
view of the economics of production, the influence of the environment and environmen-
tal factors on sustainable production, the life cycle of the material “from the cradle to
the grave” is more important than the entire production process [10].

Life cycle assessment (LCA) includes assessing potential aspects of the environment
and possible aspects related to material (or product). It is a systematic set of procedures
for the collection and study of the import and export of materials and energy and their
direct impact on the environment (ISO 14040:2006 «Environmental management. Life
cycle assessment. Principles and framework») (Fig. 10).

The assessment of the product life-cycle is based on a rather complex and com-
prehensive methodology for assessing the impact of products on the environment at all
stages of its life-cycle: extraction of raw materials, production, use, repair, maintenance,
transportation of the product at all stages, and ending with disposal or recycling of waste.
The main steps of LCA analysis are summarized in Fig. 11.

An excellent example of LCA was used to compare a car as an example of an
individual vehicle and a bus as an example of public transport [29, 30]. The material
flow consists of the impacts in the production, use and handling of related wastes. Data
were collected on all material flows generated by the car and bus during their operation.
It turned out that the tension of the material of the bus is much higher than that of the
car, 37 times higher. However, given that a bus travels 7.4 times longer in its lifetime
than a car and carries 25 times more passengers than a car, the impact of a public bus
per kilometer and per passenger compared to a car is about 5.0 times less.

Based on a comparative review of the environmental impact of different types of
traditional bioplastics [31], note that environmental aspects of plastics production are
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Fig. 10. Scheme of the life-cycle assessment of a product.

Fig. 11. Main key steps of a formal LCA study.

the negative impact on the atmosphere and protection of atmospheric air, as well as the
formation of a few wastes in the production of plastic packaging. So, assessing the full
life cycle developed polymer composites based on polytetrafluoroethylene with different
types of fillers [28] seems to be an important and urgent task for future research direction.

4 Discussion

Cause and effect analysis visually display the relationship of the problem being investi-
gated and the reasons that affect this problem; makes it possible to conduct meaningful
research of the chain of interrelated causes affecting the problem; convenient and easy
to use and understand.

The disadvantages of this quality tool include the difficulty of correctly determining
the relationship between the problem under study. The causes of the problem under study
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are complex, i.e., part of a more difficult problem. The scope of analysis is quite broad,
but it is often applied concerning developed products and related production processes.

The FMEA defines material properties that must be inspected, monitored, and con-
trolled to ensure the part’s reliability for the material is used to construct it. It is essential
to understand that this type of analysis is intended to identify not the actual causes of
probable failures but their manifestations, i.e., the types and forms of failures (failure
modes).

The main advantage of QFDmethodology over the other approaches is that it can be
applied for processing qualitative and quantitative data and serve as a flexible framework
that can be simplified, extended, and combined with other quality design and improve-
ment techniques. Because this method provides both a score and a rank for eachmaterial,
it helps designers better understand material selection issues by considering both the dif-
ferences and similarities of alternative materials. Thus, it can be applied to any complex
decision problem with many alternatives and quantitative criteria.

LCA of plastics and other structural materials play an important role in maintaining
energy, saving resources, and saving money by preventing premature failures in an
engineering component in a machine or equipment. LCA data on surface engineering
materials improve the life cycle of a design component, increasing energy efficiency,
sustainability and rejecting global temperature rise.

But LCA is applicable only as its data. Therefore, the data used to complete the
life-cycle analysis must be accurate and up to date. When comparing different life-cycle
analyses, equivalent data must be available for the product or process in question. If
one product has much higher data availability, it may not be fair compared to another
product with less detailed data. The importance of data is an ongoing challenge for life-
cycle analysis. Thanks to globalization and the rapid pace of research and development,
new materials and production methods are constantly being introduced to the market. It
makes using up-to-date information very important and very difficult when performing
LCA. If the LCA results are correct, the data must be up to date; however, the data
collection process takes time. If the product and associated processes have not changed
significantly since the last LCA data collection, the reliability of the data is not an
issue. This paper will be useful for materials science and manufacturing engineers to
understand the theoretical foundations of the concept of main management tools and
practice using them with your own examples.

5 Conclusions

Cause and effect analysis turned out to be the easiest to understand and implement a
method from RCA. To work with the Ishikawa diagram, we can easily involve students
in practicing using management tools at the training stage.

QFD and FMEA, used as quality tools in composite materials design, can greatly
improve development efficiency, leading to systematic design, material selection, and
manufacturing.

ThemainLCAaim is to highlight the phases of the life cycle that have a strong impact
on the environment and provide information for the product design process to improve
environmental performance. This method is the only way to objectively determine which
materials are environmentally friendly and which ones only seem to be.
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Further research is related to the practical implementation of each of the described
methods for solving various materials science problems of choosing materials. It is also
planned to develop a prototype of the complex methodology (an expert system) based
on multi-criteria decision-making (MCDM) system for materials selection in product
development.
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