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LEAN MANUFACTURING - STREAMLINING PROCESSES AND
ELIMINATING WASTE APPLIED TO THE ROMANIAN
AUTOMOTIVE INDUSTRY

Ovidiu AMBRUS
TRW Automotive Systems, Timisoara, Romania
email: ovidiu.ambrus@trw.com

ABSTRACT

Lean Manufacturing is currently the most important management method for

the production companies. The method is used in conjunction with the quality
instrument referred to as “6 sigma”, derived from the Toyota production system,
and was adapted by Womack and Jones, in 1995, for the western companies,
referring to the basic capabilities of the companies. Lean Manufacturing means
dividing the production system into flexible assembly lines or cells, streamlining
and reducing the time for complex operations. Also, implies using workers highly
qualified for certain operations, well-made products, a wider range of
interchangeable parts. All the above mentioned is achieved through excellent
quality, which is a must, reducing costs by improving the production process,

international markets and world competition.
These concepts were applied by the author at TRW (Romanian company from
automotive domain), with significant results.

KEYWORDS: manufacturing,
Romanian automotive industry

1. Introduction

The elements of the activity provided are not
static, but Lean methodology offers stability and
reduces variation, the essential elements for a
continuous improvement. Therefore, the transition
from one standard to another, from one product or
process to another is done smoothly.

Lean Manufacturing, or production at minimum
costs, is a production philosophy defining the
reduction of time from customer demand to product
delivery, by eliminating waste. The implementation
of LEAN principles has become a survival strategy in
a production environment in which the COST
reduction is a market reality. If the current results of
your company do not meet your expectations, you can
find solutions to many of your problems, by joining
the Lean world. If you want to implement improved
long-term production management methods to help
you identify the corporate waste and increase the
production capacity while reducing the production
costs, by reading this module you can get acquainted
with several Lean Manufacturing concepts, which,
after implementation, will result in:

lean

manufacturing, cost, optimization,

1) significant reduction in human effort in the
production area — enabling reduction of workforce
used;

2) reduction in finished products defects by half
— huge impact on inventory& stocks;

3) reduction in the production preparation time
to one third — enabling more production on the same
equipment;

4) reduction to one tenth or
unfinished production.

less of the

2. Terminology used

According to Taichi Ohno’s classification [1],
the 7 types of waste in production are:

1. Overproduction: production ahead of the
demand of the downstream process/customer. It is the
worst form of waste, as it is the direct originator of
the other 6 types of waste.

2. Waiting: operators interrupt their work during
the breakdown of machinery, equipment or delays in
the materials/ drawings/ parts needed for processing.

3. Transportation: moving parts and products
that are not actually required, as for instance from the
processing line to storage and back to the shop floor —
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to the next process, while it would be more efficient
to set the next process in the immediate vicinity of the
first processing station [2].

4. Over Processing: performing some
unnecessary or incorrect operations because of
inappropriate tools or by lack of attention.

5. Inventory: holding a larger inventory than the
minimum required for the pull production system to
operate.

6. Motion: operators move more than it is
required — e.g. looking for parts, equipment,
documents, repeated movement of tools, etc.

7. Repairing: inspection, reprocessing, scraps.

Efficiency: Meeting exact customer
requirements with the minimum amount of resources.
Apparent efficiency versus true efficiency: Taichi
Ohno distinguishes between the apparent efficiency
and the true efficiency by an example with some
workers producing 100 units daily. If improvements
to the process boost the output to 120 units daily,
there is an apparent 20 percent gain in efficiency. But
this is true only if demand also increases by 20
percent. If demand remains stable at 100 units, the
only way to increase the efficiency of the process is to
figure out how to produce the same number of units
with less effort and capital.

The following figures show an example of
efficiency for a working cell [3], implemented into
TRW Automotive Timisoara:

Customer demands 57 sec
- Takt Time
monthly demand 9600
business days/month 20
daily demand 9600/20-480
Net working hours
8 hours per shift 28800 seconds/day (a)

20 min break per shift
4mincleaning

1200 seconds/day (b)
240 seconds/day ( c)

net working hours=a-b-c 27360 seconds/day

Actual working hours/day
TAKT Time = -
Customer demand daily

Takt Time = 28800 — 1200 - 240 = 57 sec
480

Fig. 1. Calculating takt time based on
customer’s requirements [3]

Starting from the original given customer’s
demands, given the working days in each
region/country, the daily demands can be easily
calculated. Furthermore, given the working schedule
per shift and considering the regulated breaks and
downtimes (cleaning, 5 S...), the needed takt time in
order to satisfy customer’s demands is calculated
above.

Next step is to calculate the planned cycle,
which has to be always lower than the takt time,
including potential or accepted wastes, as shown in
Figure 2 [3].

Planed cycle — Example 1734

Information ;
Daily volumes = 480 57 sec - Takt Time
Takt = 57 sec
Total wastes = 15%
48.45 s6C — ey PC/T

PCIT =57 sec x0.85
= 48.45 sec PCIT

Fig. 2. Planned cycle definition at TRW
Automotive [7]

The essential step in this exercise is to recognize
and eventually eliminate waste contributors. In order
to be able to perform this activity, the task or job has
to be split in the smallest possible elements (called
‘work elements’ according to Jeffrey K. Liker and
David Meier’s [4] definition of Lean. These simple
elements sum up the activity per each workbench or
each operator, Summarizing both ‘value- add
operations’ [4] and ‘non-value add’ ones as waiting,
walking, pulling and so on.

The figure below (Fig. 3) is a typical example of
a production system before a Lean evaluation was
performed: each operator’s tasks are given based on
some time measurements, but there are some obvious
issues: one operator (operator 3) will constantly delay
the overall takt time, while his given time is higher
than the needed takt, all other operators have to
perform tasks which are not utilizing their available
time in a rigorous manner. As a result, the line or cell
will constantly run behind the takt, while it will still
assume certain inefficiency.

TOTAL LOSS=IMPROVEMENT POTENTIAL BY REBALANCING TIMES ACC CYCLE
| |

1
0Pl 37 | |
[ o
op2 | gzcd
| 2833
or3 | 503234
o4 38 “ze
| § 9
@« o
| —

Fig. 3. Analysis of total wastes at TRW
Automotive [7]
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The main elements contributing to the  optimally combined, the non-value add operations

improvement of cell performance/waste elimination
are:

1) Ergonomics - the science concerned with the
improvement of operator performance in relation to:

- work;

- equipment;

- environment.

Are ergonomics and human factors the same
thing?

Essentially yes, they are different terms with the
same meaning but one term may be more likely to
occur in one country or in one industry than another.
They can be used interchangeably but itis pretty
cumbersome to read ‘“ergonomics and human
factors”.

So, what is ergonomics (or human factors)?

“Ergonomics is about designing for people,
wherever they interact with products, systems or
processes. We don’t usually notice good design
(unless perhaps, it is exceptional) because it gives us
no reason to, but we do notice poor design. The
emphasis within ergonomics is to ensure that designs
complement the strengths and abilities of people and
minimize the effects of their limitations, rather than
forcing them to adapt. In achieving this aim, it
becomes necessary to understand and design for the
variability represented in the population, spanning
such attributes as age, size, strength, cognitive ability,
prior experience, cultural expectations and goals.
Qualified ergonomists are the only recognized
professionals to have competency in optimizing
performance, safety and comfort” [5].

The 4 principles of saving movement
(ergonomics) [6]:

a. Elimination — reduction of the number of

movements;

b. Combination — more than 2 movements at a

time;

c. Reduction — distance of movement;

d. Smoothness — rhythmic movements.

2) Product flow — ideally in a U-shape, with no
‘recurrences’ or ‘loops’.

3) Configuration and definition of the station
should be as simple as possible.

4) Simple delivery of materials to stations.

5) Flexible operators (with various levels of
expertise).

By eliminating the 7 waste methods or re-
balancing cell (moving the operations from one
station to another so that waste should disappear or
get minimized), significant results are obtained, as
presented in below figure (Fig. 4): while the imposed
takt time is kept, with no risks of slowing down the
line or not meeting customer’s needs, the jobs
attributed to different operators were re-organized, in
such a way that the value add operations were

were streamlined. As an effect, one of the operators
(operator 5) which used to be needed before Lean
optimization is now released from the cell. This
means a high efficiency of the cell obtained —
basically 20% fewer resources for the same output
and no need for a higher skill set of the operators.

After line re-balancing

takt time

oP1

g

o

S5 £ 2
OP2 @ = é

Q o

33 =5
oP3 g8

2 3
OP4 3
OP5 | TRAINING

48.5 50

Fig. 4. Analyzing total wastes after re-balancing
at TRW Automotive

3. Discussion: Production system. Push vs.
Pull

One of the major changes driven by Lean
methodology is related to the change of mentality
regarding the production systems. The business terms
push and pull originated in logistics and supply chain
management, but are also widely used in marketing.
Wal-Mart is an example of a company that uses the
push vs. pull strategy (Fig. 5).

( Technology push vs. Market pull

Technology push

aipal il Production Marketing Need?
Developement
Market pull (demand pull)
Research & ) .
Developement * Production » Marketing *
Need

Fig. 5. Representation of differences between
“push” and “pull” systems — technology push
vs. market pulling [6]

Expressed
Market

\. J

A push—pull system in business describes the
movement of a product or information between two
subjects. On markets, the consumers usually "pull”
the goods or information they demand for their needs,
while the offerors or suppliers "push" them toward
the consumers. In logistics chains or supply chains,
the stages are operating normally both in push- and
pull-manner. Push production is based on forecast
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demand and pull production is based on actual or
consumed demand. The interface between these
stages is called the push—pull boundary or decoupling
point, as it can be seen below in Figure 5.

The two major systems (push system, the
‘classical one’ and the Lean driven pull system are
represented in the pictures below (Fig. 6 and Fig. 7):

Produces according
to a schedule

SUPPLIER forecasts
and Requirements

Fig. 6. Push system characteristics

The major characteristics of this production
system [7]:

e Scheduling production — time,
effort needed.

o Difficult control of stocks.

e Problems become invisible — due to the
manufacturing batches.

e Increased delivery time.

e Poor quality.

e Complex systems for control.

Pull System means ‘pulling’ the
inventory/demands to the next production step (Fig.
7.

resources,

PULL production Tidew

@ﬁﬁ

SUPPLIER

d@:‘_..t

Production is in line
with the customer
requirements

Ay 1eage! |

Fig. 7. Pull system characteristics at TRW
Automotive [6, 15]

The major characteristics of this production
system [7, 11]:

e Production is
customer’s requirements.

e Inventory is controlled and monitored.

e Problems are visible.

scheduled according to

o Decreased delivery time.

e Good quality.

e Visual and simple systems for production
control.

By implementing the ,,pull” production system,
production becomes more flexible as the members of
the work teams “correlate” their progress rate among
them, with no need for complex time schedules to
standardize work or other laborious analyses to
balance work at the workstations. The need for
planning and management is reduced as the work
teams ensure the continuous flow by self-balancing
the workloads — a very simple self-organized form of
distributing work, which entails an automatic
balancing of the line, at the level of the quickest
operator. According to Imai Masaaki, the major
benefits of these systems refer to the fact that they:

- are an excellent means of visual control.

- eliminate overproduction.

- indicate priorities.

- simplify production control.

- control the location of materials.

- controls the balancing of operations.

- easily adapt to fluctuation in demands.

- store and move the exact amount of materials
required where required.

- avoid stagnation.

- reduce delivery times and wastes.

4. Conclusion

When to use Pull/Push strategy:

a. Push based supply chain strategy, usually
suggested for products with small demand
uncertainty, as the forecast will provide a good
direction on what to produce and keep in inventory,
and also for products with high importance of
economies of scale in reducing costs [18].

b. Pull based supply chain strategy, usually
suggested for products with high demand uncertainty
and with low importance of economies of scales,
which means, aggregation does not reduce cost, and
hence, the firm would be willing to manage the
supply chain based on realized demand [18].

These concepts are ready for application in the
automotive industry in Romania (TRW - Timisoara)
S0 as to achieve the expected efficiency parameters.

The author, together with a team involved in this
process, has carried out a thorough evaluation and
analysis  of  technological processes  and
manufacturing, and the concepts outlined above are
materialized at the level of intercourse.
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LEAN - APHILOSOPHY HIGHLIGHTING THE VALUE ADDED
THROUGH SELF IMPROVEMENT AND WASTE REDUCTION,
CONCEPTS PRESENTED FROM THE EXPERIENCE OF THE
ROMANIAN AUTOMOTIVE INDUSTRY

Ovidiu AMBRUS
TRW Automotive, Timisoara, Romania
e-mail: ovidiu.ambrus@trw.com

ABSTRACT

The definition of Lean n is: eliminating all sources of error, time and effort
that are not necessary starting with the raw materials and up to the final product,
from order to delivery and from design to launch. TRW is a Romanian company
from the automotive domain, having experience in using new concepts based on the

lean manufacturing philosophy.

KEYWORDS: Lean evaluation, flexible production philosophy, reaction time

1. Introduction

The Lean evaluation is performed by taking into
account multiple factors, among which the socio-
technical system, namely the internal elements (the
internal system) and the environment. The Lean
evaluation is performed for achieving a mutually
defined target. For the Lean evaluation, the inputs of
the internal system, the environment and the desired
outputs are taken into account. The inputs of the
internal system are defined by labor, materials,
capital, energy, information, by the correlations,
influences and continuous interactions of the internal
system with the environment that is in a state of
constant change. The environment is represented by
society, natural environment, market, technology,
government, etc. The desired outputs can be
products/services, or undesired outputs such as
pollution, losses, wastage.

2. Lean Methods

The Lean evaluation, according to studies
published by the well-known expert James P.
Womack [1], can be performed through various
measurements and analyses, from which data is
collected and analyzed, immediate feedback is
received for problem control and actions are taken
according to the data collected for performance
improvement.

The most well-known and used instruments for
problem identification are:

1. PDCA (Plan-Do-Check-Act).

2. Analysis - Cause — Effect (Ishikawa).

3. Pareto Analysis (ABC-Analysis, 80/20-Rule).
4. Constraint management.

Fig. 1. PDCA (Plan-Do-Check-Adjust) diagram
[1]

PDCA  (plan—>do—>check—>adjust) is a

management method used in business for the control
and continuous improvement of processes and
products. Also known as the so called “Stewart
cycle”, it consists in four iterative steps which are
described below:
PLAN-ing - Establish the objectives and processes
necessary to deliver results in accordance with the
expected output (the target or goals). By establishing
the output expectations, the completeness and
accuracy of the specification are also a part of the
targeted improvement. When possible, start on a
small scale to test possible effects.

-10-
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DO - The step of attacking plan implementation,
process execution, of making the product or good. It
also assumes data collection - used later on for
analyses, graphs, charts and conclusions.

CHECKING - Study the actual results (measured
and collected in "DO" above) and compare them to
the expected results (targets or goals from the
"PLAN") to ascertain any differences. Look for
deviation in implementation from the plan and also
look for the appropriateness and completeness of the
plan to enable the execution, i.e., "Do". Charting data
can make much easier to see trends over several
PDCA cycles and in order to convert the collected
data into information. Information is what you need
for the next step "ADJUST" [1].

ADJUST - If the CHECK shows that the PLAN
that was implemented in DO is an improvement to the

prior standard (baseline), then that becomes the new
standard for how the organization should ACT going
forward. If the CHECK shows that the PLAN that
was implemented in DO is not an improvement, then
the existing standard will remain in place. In either
case, if the CHECK showed something different than
expected (whether better or worse), then there is some
more learning to be done... and that will suggest
potential future PDCA cycles. It should be noted that
someone who teach PDCA assert that the ACT
involves making adjustments or corrective actions,
but generally it would be counterproductive to PDCA
thinking to propose and decide upon alternative
changes without using a proper PLAN phase, or to
make them the new standard (baseline) without going
through DO and CHECK steps [1].

Quality
Improvement

Time

Fig. 2. Quality improvement cycle through PDCA method [20]

The fishbone diagram identifies many possible
causes for an effect or problem. It can be used to
structure a brainstorming session. It immediately sorts
ideas into useful categories.

Where can a Fishbone Diagram be used? [2]

First - when we are trying to identify potential
root causes of problems;

Second — when analyses performed by the team
have become dull and unproductive but it is hard to
change them.

Stewart circle comes with a kind of “procedure”
-including several steps to be fulfilled, steps listed
below:

The effect of the problem- symptom- is to be
collected into the center of the whiteboard,
circumcised by a box. A horizontal line, the “spine”
of the “fish”, is to be drawn underneath.

Use the “5 M” approach in order to brainstorm
on the top categories of root-causes. “5 M” approach
assumes touching all potential areas of root-causes,
i.e.

MAN

METHOD

MACHINE

MATERIAL

MOTHER NATURE (Environment)

Write the categories of causes as branches from
the main arrow [1].

Brainstorm on all the possible causes of the
problem. Ask: “Why does this happen?” As each idea
is given, the facilitator writes it as a branch from the
appropriate category. Causes can be written in several
places if they relate to several categories [1].

Ask again “why does this happen?” about each
cause. Write sub—causes branching off the causes.
Continue to ask “Why?” and generate deeper levels of
causes. Layers of Dbranches indicate causal
relationships [1].
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When the group runs out of ideas, focus
attention on places of the chart where ideas are few
[1].

Fishbone Diagram Example:

Working
Conditions

Raw Materials

For example, under the heading “Machines,” the
idea “materials of construction” shows four kinds of
equipment and then several specific machine
numbers.

Management

Moisture
Contents

Delivery
Times

Basic & Auxiliary
Materials

Noise
Hlumination

Shelf Process

Workplace

Hum idity

Life Providing

Strength L

Storage

Temperature Draught conditions

Temperature
Season

Impurities

Material
Composition Properties

Toolfacilities

Job
Accommodations
Mechanical Intermediates
Equipment
Quality

of Materials

Storage _ Poor Quality

Operating

Availability Tool Conditions

Availability of
Documents

Machine Wear

Compliance

Technologies Machine Type

Quality of Parts
Coming from
Previous Operations

Technology Machine

Stability
Method

Unbalance

ToolSet

D eformation

product Product

Qualification

Control Abilities

Work Experience

Attention

'// Behavior at Work

Concentration

Operation Fatigue

Health / '/‘r‘

Ailment

Workers

Fig. 3. Continuous quality improvement example with fishbone diagram at TRW Automotive

Note that some ideas appear in two different
places. “Calibration” shows up under “Methods” as a
factor in the analytical procedure, and also under
“Measurement” as a cause of lab error. “Iron tools”
can be considered a “Methods” problem when taking
samples or a “Manpower” problem with maintenance

personnel [2].
High Impact
©, %

®@ | 1

Difficult to |mplement I @ Easyto Implement |
W | o0
®

Low Impact |

Fig. 4. Representation of problem identification
instruments Lean/6 Sigma according to [1]

I.  The 80:20 Rule to Prioritize

When it comes to simple prioritization technigues,
the Pareto technique is one of the simplest one,
working under the principle also known as the "80/20
Rule" — which is the concept that 20% of causes
generate 80% of results. With this tool, we are trying
to find the 20% of work that will generate 80% of the
results delivered by all of the work performed.

How can the tool be used? [3]

1. First thing - identify the problems. Use all available
source of information in order to describe the issues
as accurately as possible.

2. Apply the 5 M technique for each identified
problem.

4. Create a measurement/scoring system. This scoring
method needs to be adapted to your needs- the most
‘burning” issue will get the highest ranking.

5. Group Problems Together by Root Cause [1].

6. Add up the Scores for Each Group. The group with
the top score is your highest priority, and the group
with the lowest score is your lowest priority [1].

7. Take Action — Now you need to deal with the
causes of your problems, dealing with your top-
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priority problem or group of problems first. Keep in

mind that low scoring problems may not be worth 1. A chain is as strong as its weakest link.
bothering with; solving these problems may cost you 2. An interconnected process can produce as
more than the solutions are worth taking into  much as the weakest link can.

consideration [1]. 3. Improving the weakest link results in

Another method used intensely in the Lean  improving the entire system.
methodology is named ‘constraint management’. The
principle is the following [4]:

D > )
400 +
—_— = _
pé‘Ei‘.‘L'fﬁ 2ot [T |™° = | 208
100 +
o -1 — -
=100 +
-200 +
-300 +
-400 - 10 20 30 40 S0 60 70
Operation

Fig. 5. ‘Management of constraints’ method representation — used into TRW Automotive Safety
Systems, Timisoara

Steps to follow in this methodology: 1. identify 2. Map
1. Identify and highlight the constraints. “Value the Value
2. Exploit the constraints (placing a buffer zone Stream
before and after the constraint).
3. Subordinate non-constraints to present ’
constraints.
4. Systematically improve constraints. 5. Seek 3. Create
5. Return to point no. 1. Perfection Flow
The biggest issue in many enterprises is the lack \ 4 /
of action based on the collected data, although the Establish
data is collected and reported. pull
A high Lean level means a higher product or
service quality, while a lower level defines a low Fig. 6. Lean universal principles

product or service quality.
There are many definitions, such as:
I1. What Exactly Can be Improved in a Plant by 1. Lean Manufacturing is “a production
Using the Lean Approach philosophy that reduces the time from the customer’s
Lean Manufacturing, as it was described before,  order until the delivery of the products, through the
is a production philosophy that determines time  reduction of losses (of activities that do not add value
reduction from the customer’s order up to the product  to the product)” [4].
delivery, through the continuous reduction of losses. 2. Lean Manufacturing is “A team approach, for
the identification and elimination of losses (activities
that do not add value to the product) through the
continuous improvement of the production flow
performed upon the customer’s request, targeting
perfection” [5].
3. Lean Manufacturing is ,,a way of thinking and
involving in order to completely eliminate losses,
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A &
oriented towards customer success... this is  products. MPM allows manufacturers to use product
obtainable by simplifying and continuously  drawings (made in CAD) in order to define the

improving all processes and relationships in an
atmosphere of mutual trust, respect and complete
involvement of employees” [5].

4. Lean: SPC — Statistical Process Control —
Control the process before it controls you! Simple
controls for the operator, in order to identify the
process trends, for the purpose of making educated
decision, based on data [12, 14].

I1l. Concepts Built on the Lean Manufacturing
Methodology

A. Cellular manufacturing

The manufacture area is separated in different
manufacturing cells. One cell is organized for each
product family. The flow is linear and regulated for
each product family, but is variable for each product
within the family. The machines are located within
the manufacturing cell, in a certain order, so that the
materials undergo a unique material flow towards the
completion of the product. It is advantageous for the
machines within the manufacturing cells to be
smaller, more dedicated, as they operate more
efficiently than the large, multipurpose machine tools.

B. Flexible manufacturing systems (SFF)

A flexible manufacturing system is an integrated
computer controlled complex of numerical command
machine tools, which includes an automatic transport
and handling system for parts and tools, along with
automated measurement and testing equipment
which, with a minimum amount of manual
interventions and setup time, can process any part
belonging to a specific family, within the capacity
thresholds and according to a predetermined
schedule. The entire system is controlled by a DNC
computer, usually connected to the plant central
(host) computer. SFF are dedicated to specific
product families, which must be manufactured in
large manufacture volumes, justifying the investment.
The obtained advantages are lower costs and a lower
inventory of parts in progress. SFF can be designed
for various types of manufacture processes: machine
cutting, metal molding, assembling, welding, etc.

C. Manufacturing process management (MPM)

Is a process of defining and managing
manufacturing processes to be used for the
manufacture, assembling and inspection of the final

method through which the products will be
manufactured and then electronically deliver these
manufacturing processes to the workshops. MPM
turns ,,what to manufacture” into ,how to
manufacture”, ,,when” and ,,where”. MPM represents
a ,collection of technologies and methods used in
order to define the way in which the products will be
manufactured”. This definition means that MPM is a
process through which manufacturing industries will
use various types of technology in order to aid
product execution, with various machine layouts and
methods for the potential layout of the assembly lines.

3. Conclusions

At each level within a manufacturing
organization, the goal is to create value for the
customer, according to his/her specifications. The
“Lean” concept, used in the manufacture field,
becomes a way of life: We do not want any losses.
The Lean manufacturing targets maximum results,
with minimal resource consumption (human effort,
equipment, materials, time and space), increasingly
and more accurately meeting the customer’s needs. It
is a flexible manufacturing philosophy which allows
enterprises and organizations to react quickly to the
evolution of market conditions and customer needs.
On this idea, TRW company applied these principles
and obtained some results, having now one good
reference. | am particularly proud of the clear
evidence of the successful implementation of these
tools into Quality area. Taking the Fishbone diagram
methodology, deep-diving into it, it is quite obvious
that conclusions are focusing on the exact root-cause,
as in the following example (Fig. 7).

Once the root-cause is determined, it is
important to treat each and every potential root-cause
rigorously and implement correct actions (Fig. 8 and
9).

Correct implementation and follow up grant
spectacular results into the desired area. Figure 10
below shows the evolution of quality issues on a
particular area (Airbag production Q issues) in TRW
Automotive Timisoara after the implementation of
the above-mentioned activities.
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Man Materials Measurements
Inusual discharge of the inflator [Themal eftect from infztor ] [Preventive maintenance not according with the plan
Eontamination insert into the shot channel of cover ]

[abric not resist for inside aggression .
[venting hole on bag not open |
Eharg edges on bag retainer

nflator performance variation @+85 de: -
o peroatesvaalon @155 ceg
inﬂator gas particulates

[over damaged | Non homogenous gas flow
Eharp 58S of Cover on tear ine during deployment | ear line resistance too high (opening time delayed

lamage the fabric cushion during handlin

ncorrect placement of the cushion into the
olding machine

Holes on frontal

[ncorrect placement of diffuser (inflator) Dimension of diffuser ( gas hole
panel of bag at +85

deg
he conditioning of the temperatures in COP not into tolerances]
igher torque than specification
ontamination of single
omponents Bag clamped between bag retainer and inflator
he components gotten wet i ing igniti
[Sharp edges of blades |
ontamination of line _
[Bag damaged during deployment by shot channell Machine p out of spec (pressure)
Bag in contact with testing fixture during deployment Ly
[Folding machine blades / pushers damage fabric | Legend :
onditioning time not respected
Machines I:I excluded
Mother nature Methods [ included
Fig. 7. Particular example of Fishbone methodology implemented
Fishbone item Yes No Why
Not respect the Work Instruction X Verified shiftily by Layer Process Audit level 1/ Menthly by Layer Process Audit level 2 The operater respect the Work Instruction
Not frained operator X Verified shiftily by Layer Process Audit level 1/ Monthly by Layer Process Audit level 2 - Operator trained - 3 different operators
Damage the fabric cushion during handling X Verified shiftily by Layer Process Audit level 1/ Monthly by Layer Process Audit level 2 - The operator respect the Work Instruction and No sharp tools used
in the line
Incorrect placement of the cushion into the folding machine X Mistake proofing by design (sensors that are ensuring the correct position of bag into the folding machine)
Folding machine blades / pushers damage fabric X 1. Checked 100 pcs after folding
2. Checked at First Off 3 bags after folding (general procedure) - No damages, no scratches on bags
Wrong Folding sequence X Automatic folding sequence
Machine parameters out of spec (pressure) X Verified at First Off the pressure records - Pressure into specification
Sharp edges of blades X Verified the blades shiftily ->Mo sharp
Contamination of single components X Verified the component flow / Incoming procedure -verify 5 parts / each delivery = No risk for contamination
Contamination of line x Verified the line > No risk for contamination
The components gotten wet X Verified the components and the storage area -»No wet comp - the comp are stored in wareh - no risk to be wet
Preventive maintenance not according with the plan X Verified the preventive maintenance > The preventive maintenance was done according with the plan
The conditioning of the temperatures in COP not into tolerances X Verified the diagram for conditioning of module < The conditioni p into specif
Higher torque than specification X The torque is automatically controlled in the line - Yearly calibration of controller / screw driver
Bag clamped between bag retainer and inflator X 1. Checked 100 pcs after folding
2. Checked at First Off 3 bags after folding (general procedure) - No damages, no seratches on bags, no bag clamped between bag retainer and inflator
Consequences of mixing up the order during ignition X NA {only one stage inflator)
Bag damaged during deployment by shot channel X Verified the de-folding behavior of the modules < No bag damaged during deployment by shot channe!
Bagin contact with testing fixture during deployment X Verified the de-folding behavior of the modules > No contact with testing fixture and no windscreen
Conditioning time not respected X Verified the records from conditioning diagram - 4 hours have been respected as conditioning fime (specification: min. 4 hours; no upper limit )

Fig. 8. Particular example of Fishbone methodology implemented- actions at TRW Automotive
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Fishbone item Yes No Why

Incorrect placement of diffuser ( inflator) X

Verified the 9 inflators of NR tests > Correct placement of the diffuser
Check with supplier( ZF TRW Aschau) -> the position of diffuse is assured 100%

Sharp edges of cover on tear line during deployment x Verified the tested parts > No evidences of sharp edges on tear line
Cover damaged X Verified the covers > No damages on cover
7| Inflator gas particulates X 1. Performed Life dissection of tested inflators of events - no abnommalities found for all 9 inflator of NR results.

2 Performed the tank wash test on 3 serial inflators > no abnormalities

Inflator performance variation @+85 deg X Verified the Tank pressure curves - The inflators are into specification

Sharp edges on bag retainer X Verify the bag retainer - incoming inspection > No sharp edges on bag retainer

Fabric not resist for inside aggression X Verified the Quality certificate of fabric -»The fabric was according with the specification

Sharp edges on inflator / diffuser X Verified the inflators prior to assembly > No sharp edges

Unusual discharge of the inflator X Verified the de-folding behavior of the modules - Opening time and bag filling time into specification

Dimension of diffuser (gas hole) X Verified the dimension results from ZF TRW Aschau (supplier of inflator) »All values are into the specification

Tear line resistance too high (epening time delayed) X 1. Veerify the opening time > Opening time into specification

2. Verify the tear line thickness of cover > Tear line thickness into specification

Non homogenous gas flow

Verified the Tank pressure curves > The inflators are into specification

Inflator maximum pressure

Verified the Tank pressure curves - Pressure of inflator into specification (nominal values)

Geometrical characteristic on bag not respected

Verify the dimension results from ZF TRW Vigo (supplier of bag) > all values into specification

Venting hole on bag not open

Verified all the bags of events and the movies - Venting hole are open and are working as expected according design intend

B ERER BN K

Contamination insert into the shot channel of cover

Verify all the covers of NR tests
Verify the covers from stock and ask the supplier to check the covers from stock < No pellution insert into the shot channel cover

Thermal effect from inflator X TRW Aschau perfovmed

1. The mass flow and

temperature for suspicions batches were similar with the mass flow calculation and temperature of PPAP inflator.
2. Analysis over fime of mass flow

for suspicions batches were compared it with PPAP data - conclusion: mass flow calculation and

behavior from one batch to the other.
Root cause confirmed on the airbag module as thermal effect from inflator.

ion and temp: by for inflators,batch by batch from 2011 until 2017 -> conclusion: similar

Fig. 9. Particular example of Fishbone methodology implemented- actions at TRW Automotive

2.50%

2.23%

2.00%

1.41% 1.37%

1.50%

1.00%

1.28%
0.90%

0.50%

0.61%

0.00%

May Jun Jul

Aug Sep Oct

Fig. 10. Evolution of quality issues (nonconformities) after the implementation of Fishbone driven
actions at TRW Automotive

Thus, the execution processes for products and
services requested by the customer must be analyzed
according to two fundamental concepts [6]:

1. Added value: Any activity determining an
increase in value or utility for the product or service
demanded by the market, respectively the activities
for which a customer is willing to pay.

2. Loss (non-added value): Any activity that
does not add value to the product or service, meaning
that it “increases the product’s COST without adding
VALUE” for the customer. These activities need to
be eliminated, simplified, reduced or integrated.
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LEAN MANUFACTURING - PROCESS AUTOMATION AND
ELIMINATION OF PRODUCTION LOSSES IN ROMANIAN
AUTOMOTIVE INDUSTRY

Ovidiu AMBRUS
TRW Automotive, Timisoara, Romania
e-mail: ovidiu.ambrus@trw.com

ABSTRACT

Lean Manufacturing is currently the most important management method for
manufacturing companies. The method, used in conjunction with the quality tool
called “six sigma”, is based on Toyota Production System and has been adapted by
Womack and Jones, in 1995, for Western companies, referring to the real basic
capabilities. Lean Manufacturing means flexible assembly cells or lines, more
complex works, highly skilled workers, well manufactured products, a much larger
variety of interchangeable parts, compulsorily an excellent quality, reduced costs
by improving the production process, international markets and global competition

[2].

TRW is an example of the practical application of these concepts, in the

leather product preparation sector.

KEYWORDS: lean manufactory, automotive industry, process automation

1. Introduction

LEAN manufacturing or lean production is a
systematic method for the elimination of waste
("Muda™) within a manufacturing system. Lean also
takes into account waste created through overburden
("Muri") and waste created through unevenness in
workloads ("Mura™). Working from the perspective of
the client who consumes a product or service, "value"
is any action or process that a customer would be
willing to pay for. Manufacturing, or production at
minimum costs, is a production philosophy which
reduces the time period between the customer’s order
and the product delivery, by eliminating losses.
Implementation of LEAN principles has become a
survival strategy in a production environment where
COST reduction is a fact on the market. If you are not
content with the current results of your company, you
can find answers to many of your problems, by
coming into Lean world.

Lean manufacturing pillars may be simply
explained by Figure 1.

Delivery times Costs

JIT Jidoka
(Just in time) (Act on abnormality)
Takt Time LEAN Mr:h':;‘ a
Pullflow | MANUFACTORY | separation
Heijunka Standard
(Production leveling) working
58 (Continual improvement)  Kaizen
[Stability (Robustness - 1:3 & 3:1) I

Fig. 1. Lean Manufacturing pillars [1]

If you want to introduce long-term production
management improvement methods, to help identify
losses in the company and increase the productive
capacity while reducing production costs, by
following this module you can get familiar with some
of the Lean Manufacturing concepts, which, after
implementation, will lead to:

1) Reducing by half the human effort in the
production workshop.
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2) Reducing by half the defects of the finished
products.

3) Reducing to one-third the time of production
preparation.

4) Reducing by half the production space in
order to obtain the same results.

5) Reducing to one tenth or less the unfinished
production.

2. Terminology used

The 7 losses in production are, according to
Taichi Ohno’s classification, as follows [3]:

- Overproduction: making too much compared
to the downstream/customer process need. It is the
most serious form of waste, because it directly
determines the other 6 types of losses.

- Waiting: operators interrupt their work due to
machinery or equipment failures or delay of
materials/drawings/parts required for processing.

- Transport: moving parts and products
unnecessarily, such as from the processing line to the
warehouse and from here back in the section - to the
next processing phase, when it would be more
rational for the next process to be located in the close
proximity of the first processing station.

- Processing: carrying out unnecessary or
incorrect operations because of poor quality
equipment or carelessness.

- Inventory: owning an inventory higher than the
minimum required for the operation of the pull-type
production system.

- Motion: operators make
movements - like finding parts,
documents, repeatedly moving tools, etc.

- Corrections: inspection, rework, scrap.

Overall, there is a limit of introducing human
driven improvements: there is a “barrier” over even
extremely skilled operators will not deliver consistent
results in terms of efficiency. There is an accepted 10-
15% failure ration related to all visual inspection
capabilities. Also, there is a natural tendency for
operators to “adapt” the process according to their
own comfort or the other way around. It is not
always possible to design a process/layout/flow in
such a way that is comfortable for all operators. There
is an answer to all these, called automation.

Automation is the usage of computers or
equipment driven/controlled by computers to drive a
particular process in order to increase reliability and
efficiency, often through the replacement of
employees. For a manufacturer, this could entail
using robotic assembly lines to manufacture a

unnecessary
equipment,

product.
Automation has been achieved by various means
including  mechanical, hydraulic,  pneumatic,

electrical, electronic devices and computers, usually

in combination. Complicated systems, such as
modern factories, airplanes and ships typically use all
these combined techniques. The benefit of automation
includes labor savings, savings in electricity costs,
savings in material costs, and improvements to
quality, accuracy and precision.

3. Case study: implementation of
automation and benefits to be considered
by TRW Automotive

Project description:

The TRW Automotive factory in Timisoara is
producing steering wheels for several customers of
TRW. For this task, the company is using 7 die
casting machines with 1 cavity or 2-cavity tools.

a) Current situation:

At present, the production is performed using
operators. The process steps can change, depending
on the steering wheel type. The process steps are [4,
5]:

1. Positioning of the inlay for die casting process
(Optional).

2. Armature check.

3. Laser marking.

4. Armature cooling.

5. Positioning of the armature in the trimming
press.

6. Positioning of the rim inlays (Optional).

7. Armature hand over to transport buggy.

b) Future state/Project objectives:

The casting process will be changed from a manual to
an automatic process. Each of the existing die casting
machines will be automated step by step. Each of the
sub-processes will be evaluated and the best
automation solution will be decided upon:

1. Positioning of the inlay for die casting process
will be ensured by a robotic arm.

2. Armature check-gauging (automatic process)
and weighting (also automatic).

3. Laser marking.

4. Armature cooling-changed, will introduce a
second robot collecting the armatures from the oven.

5. Positioning of the armature in the trimming
press - automatic process.

6. Positioning of the rim inlays (Optional) -
automatic process.

7. Armature hand over to transport buggy -
automatic.

The new process steps will be the following [4]:

1. Armature extraction.

2. Mold lubrication (spraying robot or spraying
machine).

3. Part integrity check.

4. N10O armature discard in scrap box (not shown
in the picture below).
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5. 10 armature laser marking. 9. Pick up inlay for the die casting process (rim
6. Armature cooling. inlay robot or linear axis).
7. Positioning of the armature in the trimming

10. Return to die casting machine.
press. Overall changes implemented into each process
8. Place rim inlay in the trimming press (rim  step, concluded as being most suitable ones
inlay robot or linear axis).

, are
presented in Figure 7.

Fig. 1. The 7 process steps of die casting, performed manually or semi-automatically at TRW
Automotive, before the implementation of automation

Laser marking station —>|

Cooling basin

Work piece check

Spraying robot
Trimming press ——»

Die casting machine

Handling robot

Fig. 2. New process steps schematics - introduction of the first handling robot
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Rim inlay robot

Pick up station for rim

Fig. 5. Activities related to the automation process implementation at first/prototype cell at TRW
Automotive
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Fig. 6. Activities related to the automation process implementation at first/prototype cell at TRW

Automotive

Changes From To Why effect to product
release agent method  |manual automated constant/Standard +
release agent media Qil Micro spray (HERA) Environment/Safety/Standard [0
feeding of inserts manual automated constant/Standard 0
overflow check manual automated constant/Standard ++
cooling dip into water per elevator |dip into water per robot standard 0
metal insert verification |manual at weight station  |automatic check at overflow detection |constant/Standard +H
weight control in line shot by shot  «1s  |First Off/Last Off no shot to shot variance 0
laser marking not implemented single unit traceability traceability/standard (1]
trimm press cleaning manual automated constant/Standard +

Fig. 7. Table of changes and benefits on product by the implementation of the automation process on
die casting prototype cell

4. Results and diagnosis

As today’s status is running the prototype cell,
results are not final and cannot be considered
definitive for the entire production. However, so far,
several conclusions are totally clear:

- A 30% increase of productivity (output)
expected on double cavity machines.

- A 10% improvement of quality - by
elimination of human/visual check.

- A reduction by 40% of human operator time;
therefore, payment will also decrease for this process.

- A significant improvement in terms of human
safety, magnesium being one of the most difficult to
control substances in the case of uncontrolled
ignition.

Based on all the above-mentioned results, this
program could be already considered as extremely
successful.

5. Conclusions

Production becomes more flexible because the
members of the work brigades “correlate” the pace of

advance among them without the need for complex
time studies for the workload or other laborious
analyses for balancing work in workstations.

TRW company improved the quality and the
entire manufacturing process at its products (it is one
of the largest manufacturers of automotive wheels),
where one important sector is the leather product
preparation. Here the quality standards are extremely
severe, and the production losses and rejected
products are also important.

But by using the above mentioned new ideas
from the lean manufacturing philosophy, combined
with technological improvements, the quality level
has reached the desired standards.

References

[1]. Allen J., Robinson C., Stewart D., Lean Manufacturing - a
plant floor guide, Society.

[2]. ***, Lean manufacturing - Methods for reducing costs, Pilot
Project.

[3]. Womack J. P., Jones D. T., Roos D., The Machine that
Changed the World: How Lean Production Revolutionized the
Global Car Wars, S. & Schuster, London, 1990.

[4]. ***, Lean manufacturing — Methods for cost reduction, Pilot
Project TRW Automotive.

-22-



i,

533

/& [0 1
5 | \
S Ll
l:l e e

40 xix

'z Fasdicle X
\1?Mmuw“ and Materals scionco 3/
N issN 14s3 - 0aax Y,
& &

o hog

)

A THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
N°. 1-2017, ISSN 1453-083X

STUDIES AND RESEARCH ON THE PRODUCTION OF TiO2 AND TiN
THIN FILMS BY ASSISTED PHYSICAL VAPOR DEPOSITION
MAGNETRON PROCESS

Simona BOICIUC, Petrica ALEXANDRU
“Dunarea de Jos” University of Galati
e-mail: simonaboiciuc@yahoo.com

ABSTRACT

The experimental research carried out in this paper aims at obtaining thin
films of TiO2 and TiN and at characterizing them in terms of morphology, structure,
transparency and electrical properties. The films were obtained using a PVD device
of sputtering coating, consisting of a vacuum chamber with a capacity of 2 liters, a
planar magnetron with ferrite magnets (#40 x 22 x 9), neodymium (¢15 x 8), a
vacuum pump with sliding blades, a variable DC source voltage of 100-600 volts.
The atmosphere used to maintain the plasma during deposition was oxygen and
then N rarefied within a pressure range between 3-102-8-10-3 mbar at a flow rate
of 1.4 cm¥min. It was found that the structures and properties of the films are
influenced by the parameters used and their color depends on the working
atmosphere, the deposition parameters and the layer stoichiometry.

KEYWORDS: TiN, TiO2, d.c. magnetron, electrical and optical properties

1. Introduction

Thin films are widely applied in many fields of
science and technology. The most important
applications are registered in microelectronics,
optoelectronics and cutting tools industry.

The films of Ti, TiN, TiO, can be achieved by
physical methods such as PVD (sputtering under DC
or RF modes, evaporation with electron beam,
thermal evaporation) or by chemical methods such as
sol - gel, anodic oxidation, spray pyrolysis, CVD.

There are several PVD deposit methods and
choosing one of them depends on: the requirements
for the thin layer properties, the maximum
temperature the substrate can withstand, procedure
compatibility with the processes applied to the
substrate before and after deposition and last but not
least the production costs, efficiency and large-scale
manufacture of the products.

Titanium has superior characteristics compared
to other metals, such as low density (4.5 g/cm?), high
melting temperature (Tt = 1660 °C), low coefficient
of thermal expansion, high electrical resistivity,
elasticity modulus twice lower than that of iron and
steel, very low thermal conductivity and excellent
paramagnetism.

The hardness of titanium is relatively low (100-
225 HB) and is directly proportional to the increase of

the impurity concentration. Soluble impurities
(interstitial H, C, N and O3 by substitution) contribute
to the increase of titanium hardness, increasing the
mechanical strength as well, while plasticity and
corrosion resistance decrease [1-4].

Titan has two stable allotropes: Ti o (stable up
to 882 °C) with compact hexagonal network/lattice
and Ti B (stable between 885-1672 °C) with body-
centered cubic network; passing from one phase to
another Ti a — Ti B occurs when temperature
increases over 882 °C [1-4].

Titanium dioxide (TiOz) has attracted the
interest of many researchers in materials science due
to its unique combination of properties: chemical
stability, corrosion/photo-corrosion resistance,
photocatalytic potential, high dielectric constant (er =
60-100), high electrical conductivity, sensitivity to
UV, favorable energy band, very high refractive
index (2.6-2.9), non-toxicity, biocompatibility. These
properties make it useful in purifying water and air, in
achieving solar cells, photochemical devices, gas

sensors (H;, CO, CO; CHsj), -capacitors,
microelectronic  devices, components requiring
biocompatible  (antibacterial, self - cleaning)

properties [1-4].

Thin layers of titanium nitride (TiN) were the
first coatings industrially used to increase wear
resistance of tools. In the beginning, these layers were
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deposited by chemical vapor-phase deposition
(CVD). In the 80s industrial-scale deposits began by
plasma - assisted physical vapor-phase (PVD). These
coatings have been used mainly as a tribological layer
for cutting and plastic deformation tools, bearings,
seals and as corrosion and erosion resistant layers.
TiN is also used as a decorative coating as it
possesses excellent infrared reflectance (IR), the
reflection spectrum being similar to that of gold,
which gives it a golden color [1-4].

TiN crystallizes in the NaCl-type CFC network
(a = 4.256 A) has a golden color, the density of 5.40
g/cm?®, melting point of 2930 °C, Vickers hardness of
18-21 GPa, the elasticity modulus of 251 GPa, the
thermal  conductivity 19.2 W/m-°C, thermal
expansion of 9.35*10¢ K [2].

TiN oxidizes at 800 °C in atmospheric pressure.
The compound is stable at ambient temperature and
concentrated at hot acids attack. Depending on the
material of the substrate and its roughness, TiN has a
coefficient of friction between 0.4-0.9. At low
temperatures ~4 K titanium nitride becomes super
isolator having resistance to 5 orders of magnitude
greater than at ambient temperature [1-4].

Due to the higher biostability of TiN layers, they
are used as electrodes in bioelectronic applications in
intelligent implants, prosthetic or sensors which must
resist to corrosion caused by body fluids, to make
medical instruments such as bistoury blades and bone
saw. These electrodes have already been applied to
sub-retinal prosthesis as well as in biomedical
microelectromechanical systems (BioMEMS). TiN
thin films are also used in microelectronics as buffer
layers (diffusion barrier) to manufacture transistors
etc. [1-4].

Film forming can be described through several
stages. In the first stage, the atoms sprayed from the
target are adsorbed on the substrate surface. Then
they diffuse (moving along the surface of the
substrate until reaching a stationary position). When

V-

adsorbed atoms are grouped, they form nuclei and
this stage is called nucleation. Subsequently, these
nuclei continue to grow and lead to the formation of a
continuous thin film (stage called coalescence).

There are three ways to increase the films based
on the interactions between the atoms of the substrate
and the deposited atoms: a - 3D island growth
(Volmer - Weber); b - 2D layer growth (Frank van de
Merwe,) (seen in homoepitaxial growth); ¢ - 3D
cluster growth (island) and stratified growth (Stranski
- Krastanov) [1-4].

Nucleation and growth mechanisms are even
more intense as the power and duration of sputtering
deposition are higher.

By increasing deposition temperature, an
increase in the roughness and crystallite size occurs.

The most important parameters which may
influence the properties of the films are: nitrogen
partial pressure, deposition temperature and substrate
polarization [4].

The research in this paper is focused on the
development of a technology for producing TiOa, TiN
thin films by DC magnetron sputtering process, using
oxygen atmosphere and rarified N2 in a pressure
range between 3.102-8-10° mbar, and on their
characterization in terms of morphology, transparency
and electrical properties.

2. Experimental conditions

Films were obtained with a PVD installation of
sputtering coating, consisting of a vacuum chamber
with a capacity of 2 liters, a ferrite magnets planar
magnetron (¢p40 x 22 x 9) neodymium (¢15 x 8), a
vacuum pump with sliding blade, a variable DC
source of 100-600 volts.

As target, use was made of a plate of 99.9%
purity titanium, circular diameter of 46.5 mm and
thickness of 1 mm.

Fig. 1. Magnetron image: a - without anode; b - with anode glass substrate prepared for deposition
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The support material consisted of glass plates
with dimensions of 76 x 25 x 1 mm.

Fig. 1.a illustrates the magnetron with anode and
Figure 1.b. the complete picture of the magnetron
with anode and glass substrate prepared for
deposition.

The installation allows varying the distance
magnetron - deposition substrate between 25 and 90
mm and the substrate temperature can be monitored
with a chromel-alumel thermocouple.

The atmosphere used to maintain the plasma
during deposition was rarefied oxygen in a pressure
range between 3-10-2-8-10"3 mbar and then rarefied N
in a pressure range between 3-102-8-10" mbar with
flow rates of 1.4 cm®/min.

The microscopic analysis of the obtained films
was conducted using an optical microscope Neophot
2 with computerized data acquisition. The
transparency of the films was determined with an
electronic device that uses a light source and a
photoreceptor. Light, after passing through the
deposited film, is measured by the photoreceptor and
an amplifier and the result is displayed by an analog
device.

The electrical properties (resistivity) of the films
were measured using the collinear four-point method
(probes) using a laboratory facility. In principle, it
consists in injecting current through two external
points and measuring voltage in two internal points.

The device scheme is illustrated in Fig. 2.

With thin stratures, resistivity is calculated by

where: t - film thickness, U - measured voltage, | -
current applied.

pP_7 (U) - film surface resistance

t In2l1

Sursa de curent |
continu

VOLIMETRY
| 3 I

Fig. 2. Collinear measuring configuration by
four - probe method

The stages of obtaining deposits were:

a. Preparation of the substrate surface.

b. Film deposition by DC magnetron sputtering
process.

a. Preparation of the substrate surface

This step consisted in: washing the glass plates
(size 76 x 25 x 1 mm) with a special detergent,
washing them with water, then with distilled water,
ultrasonic cleaning with ethanol followed by drying

relation: with compressed air.
b. Film deposition by DC magnetron sputtering
- ”t(uj process
In2{ 1 To obtain the films, a number of regimes were
used as presented in Table 1.
Table 1. Working regimes used in film deposition
Sample | Voltage | Current | Pressure tesrxgsgiaie Targdeits—tsgjnk::sgrate Deposition time
code V] [mA] [mbar] °C] [mm] [min]
Plo(jl) 420 55 5x10°% 45 60 60
on(;n) 440 45 1x10°% 30 60 120
P3O(;I'|) 550 150 5x 103 100 60 30
P4 (Ti) 3 180
N, 440 49 1x10 46 60 N, %5 of time
PSI\E;I'I) 450 50 2.5x 10 50 60 60
PGI\EZT') 450 50 | 25x103 50 60 240
P7|\g') 450 50 2 % 10° 50 60 180
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3. Experimental Results

3.1. Microstructural characterization of the
deposited films

The macroscopic analysis reveals that the films
do not show cracks, are homogenous and adherent as
shown in Fig. 3 and 4.

Because of the working atmosphere used
(rarefied oxygen in a pressure range between 3-10-2-
8-:10° mbar, flow rate 1.4 cm®min), it is estimated
that the film structure corresponding to samples P1,
P2, P3 would consist of Ti and TiO».

For samples P4, P5, P6, P7 achieved with the
addition of N, the obtained films have different
colors being darker as the duration of maintenance is
higher. Because of the working atmosphere used
(rarefied N in a pressure range between 3-102-8-10-
mbar, flow rate 1.4 cm3min), samples structure is
estimated to consist of Ti and TiN.

100um

The film color depends on the layer
stoichiometry, the working atmosphere and the
parameters used. It ranged from gray to golden brown
(Figure 4).

Fig. 3. Image of films deposited under different
regimes
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Fig. 4. Image of films deposited under different regimes

3.2. Establishing the optical and electrical
characteristics of the deposited films

The films corresponding to samples P1, P2, P3
obtained in vacuum have high transparency of about
97% and the surface resistance could not be
determined.

The results of transparency and electrical
resistance measurements for samples P4, P5, P6, P7
are shown in Table 2.

Table 2 shows that, with increased deposition
time, the surface resistance and transparency
decrease. This behavior is due on the one hand to
increased deposited film thickness, and on the other
hand to oxidation and formation of TiN.

This can be observed on the graphs in Fig. 5 and
Fig. 6.

Table 2. Determining transparency and electrical properties of films

Sample code Film transparency

Film surface resistance

Deposition time
[Q] [min]

P4 (Ti)

N, 0.3

2806.19 180

P5 (Ti)

N, 0.6

39534.54 60

P6(Ti)

N, 0.0125

693.36 240

P7 (Ti)

N, 0.08125

3939.13 180

45000

40000 -
35000 -
30000 -
25000 -
20000 -
15000 -
10000 -
5000 A

39534.54

Surfaceresistance, [O]

3939.13
693.36

0 .
60

180 240

Deposition time, [min]

Fig. 5. Influence of deposition time on the surface resistance of the deposited film
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Fig. 6. Influence of deposition time on the transparency of the deposited film

3.3. EDX characterization of the deposited be noted that with sample P6 where the deposition
film time was longer, therefore the thickness is higher, the

titanium content is higher.

Figures 7, 8, 9 present the EDX analysis of the
film corresponding to samples P2, P5 and P6. It may

[k?:lS.U Tilt:-0.70 Thkoff:34.42 Det: SUTW Reso:133.13 Amp.T:25.6

FE : 1696 LSec : 37.6 Pret:None 28-Jun-2016 13:51:44

EDS Quantitative Results
Element Wt% At%

CK 4.64 6.30

NE 5.84 6.81

OF 82.93 84.654

TiK 6.59 2.25

Ti
_— e il
5.00 4.00 5.00 6.00 7.00 8.00 9.00 kaV

Fig. 7. EDX analysis of the film corresponding to sample P2
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kv:15.0 Tilt:-0.70 Thoff:34.66 Det:SUTW Reso:133.13 Amp.T:25.6
Fg : 2110 LSec : 50.2 Prst:None 28-Jun-2016 14:06:05
EDS Quantitative Results
Element Wt% At%
CE 1%.88 27.88
NE 51.55 &62.08
TiK 28.58 10.08
5.00 6.00 7.00 g.00 9.00 keaV
Fig. 8. EDX analysis of the film corresponding to sample P5
kv:15.0 Tilt:-0.70 Tkoff:34.35 Det: SUTW Reso:133.13 Amp.T:25.6
F5 : 1401 LSec : 53.2 Frat:None 28-Jun-2016 14:58:41

EDS Quantitative Results
Element Wt% At%
CE 11.07 18B.34
NE 44.49 63.20
TiE 44.44 1B.46

6.00 7.00 g.00 9.00 kaVv

Fig. 9. EDX analysis of the film corresponding to sample P6

4. Conclusions

The films of titanium nitride (TiN) deposited by
DC magnetron sputtering process, due to its
outstanding properties (high hardness, low electrical
resistivity, high wear resistance, excellent resistance
to corrosion and high thermal stability) are
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increasingly used in various applications, such as:
cutting tools, parts subject to wear and corrosion,
microelectronics, decorative layers, diffusion barriers,
electrodes in bio-electronics applications, medical
devices.

The TiO; films are extensively studied as they
have excellent photocatalytic, antibacterial (when
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exposed to UVA - 320-400 nm) optical, antireflective
characteristics.

The experimental research leads to the following
conclusions:

- films deposited by DC magnetron sputtering
process reveal an economical and simple way of
producing coatings with multiple applications;

- it was found that the deposition modes are
quite unstable in that there is a tendency to increase
voltage and decrease current followed by plasma
extinction;

- films were obtained using as atmosphere to
maintain plasma, oxygen and then rarefied N2 in a
pressure range between 3-102-8-10° mbar, with a
flow rate of 1.4 cm®/min;

- structures and properties of films obtained are
influenced by the parameters used;

- the microscopic analysis reveals that the films
obtained do not show cracks, are uniform and
adherent to mirror surface;

- films color depends on the layer stoichiometry,
working atmosphere and parameters used; it ranged
from gray to golden brown;

- with increased time of deposition, the surface
resistance and transparency decrease (this behavior is
due to increasing deposited film thickness and to
oxidation and formation of TiN;

- EDX analysis performed on films highlights
their chemical composition, i.e. the presence of
titanium, oxygen, and nitrogen, in line with the
working environment used.
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ABSTRACT

Yttrium-based phosphor materials belonging to the class known as garnets
have witnessed a strong return with the development of the first white LEDs. Among
these materials, yttrium aluminum garnet doped with cerium has become the best
known, being successfully used in generating white light, due to its capacity to
convert the blue light emitted by a GaN chip. But its use in optoelectronic
applications is subject to the achievement of parameters such as: purity of the
crystal phase and particles size in the nanoscale range. In this study, we present a
modified sol-gel method for the synthesis of yttrium aluminum garnet doped with
cerium (YAG:Ce). In the end, heat treatment will be carried out at various
temperatures and the effect of sintering temperature on the crystal phase and
morphology will be studied. To highlight the phase transition from amorphous to
crystalline state, a Rigaku SmartLab X-ray Diffraction System was used. Moreover,
by the X-Ray diffraction pattern we evidenced the presence of the intermediate
phases such as the main oxides, the metastable phases with perovskite (YAP) and
monoclinic (YAM) structure and finally the garnet phase (YAG). The presence of
the dopant in the crystalline structure was demonstrated. The microstructure and
morphology evolution of the particles were assessed by using the FEI Nova
NanoSEM system. Getting garnet phase and particles with spherical and smooth
surfaces at the nanoscale range after a sintering treatment at 1100° C indicates a

phosphor applicable in optoelectronics.

KEYWORDS: phosphor, YAG:Ce, sol-gel process

1. Introduction

The international strategy in the field of lighting
is aimed at finding new lighting sources with lower
power consumption in order to minimize the
electricity consumption. For this purpose, the RGB
system has been used, a system based on the use of
red-green-blue individual LEDs to generate white
light. But disadvantages such as the varying degree of
LED degradation, circuit complexity, high cost, etc,
made this system non-usable for general lighting.
However, this white light producing system remains
used in the field of video panels [1-3]. Another white
light generation system using LED chips, which has
proven its viability since 1996, is based on the use of
one or more phosphors along with a blue / UV

structure. It is expected that these devices based on
LEDs will lead to the replacement of classical
lighting systems due to advantages such as: low
energy consumption, high power efficiency, long life
time, high shock resistant, small size, and so on. But
in this case, there are problems because the quality of
light emitted in a white LED is strongly influenced by
the structure and morphology of the luminous
material [4, 5].

A phosphor is a material that emits photons at a
wavelength greater than the excitement source.
Yttrium based phosphor, known as cerium-doped
yttrium aluminum garnet (YAG:Ce), is a synthetic
crystalline material from garnet family and the most
widely used as luminescent material to generate white
light in an LED [6, 7]. The only existing method for
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obtaining YAG:Ce at an industrial level is the solid-
state method between the main oxides at high
temperature (1600-1900 °C) and high production
cost. High temperature is necessary for crystallization
but the phosphors resulting under these conditions
have a low production yield due to the large variation
in grain size and the presence of secondary phases
that act as impurity with consequences on phosphors
quality [8, 9]. In order to obtain phosphors with
superior optical qualities at a low-cost price, wet
methods (method as: sol-gel, coprecipitation, solvo /
hydrothermal, spray-pyrolysis etc.), have gained
ground. Despite the existence of a very large number
of alternative bottom-up methods, obtaining a single
phase in garnet form (with a Y3xCexAlsO12 (YAG)
molecular formula) is not a simple task [10-19]. In
the crystalline system can coexist the basic oxides
(Al203, Y203), yttrium aluminum monoclinic (YAM,
Y4AlOp), yttrium aluminum perovskite (YAP,
YAIO3) and yttrium aluminum garnet (YAG,
Y3Als012) [19-21]. Moreover, the presence of cerium
ions as secondary cerium oxide (CeO,, Ce,03) phases
in the garnet network leads to the strong degradation
of phosphor quality.

The main objective of this investigation was the
fabrication of a YAG:Ce by a modified sol-gel
method under the presence of DMSO and CTAB for a
better control in order to obtain single garnet phase of
phosphor at nanometrical scale. The structural and
morphological evolution of the phosphor powder has
been studied according to the sintering temperature.

2. Experimental procedure
for the synthesis and characterization of
yttrium based phosphor

In the present paper we proposed a modified sol-
gel method for yttrium based phosphor synthesis. The
following raw materials were used to synthesize the
YAG:Ce phosphor: yttrium oxide (Y203), aluminum
oxide (AlOz), dimethyl sulfoxide (DMSO,
(CH3)2S0), acetylacetone (AcAc,
CH3COCH,COCHs3), cetrimonium bromide (CTAB,
(C16H33)N(CHa)3Br), nitric acid (HNO3) (from Sigma
Aldrich, all analytical grade). Cerium oxide (CeO,) at
nanoscale was synthesized by coprecipitation method
in our labs [22].

The oxides were dissolved in the nitric acid. The
solution was stirred continuously and kept at 80° C.
While maintaining the system under reflux
conditions, AcAc, DMSO and CTAB were added. In
the process, we considered the reaction below as
ideal, and we used the raw material in stoichiometric
report for the preparation of the YAG doped with 5%
cerium ion. The chelating agent was added in excess,

in a molar ratio 3 times greater than the theoretical
reaction.

15AI(NOs); + 8.55Y(NOs); + 0.45Ce(NOj); +
15CsHg0O, = 3(Yo,gsCEo_os)3A|5012+ 75C0O; + 60H,0 +
36N,

Reaction conditions were maintained for 6
hours, after which the reflux was removed and
allowed to stand for several days for bulk
polymerization. The quality of the phosphate based
on yttrium is strongly influenced by the thermal
treatment stage. In our work the annealing has being
carried out in two steps. The pre-sintering or slow
evaporation was the stage controlled by DMSO and
CTAB, wused to provide better control over
nanoparticle morphology. The utility of DMSO can
be explained by the higher boiling temperature of the
water which allows a slower evaporation of the
liquids from the network., The CTAB also has
anchoring capacity or selectivity to various crystal
facets. Particular attention has been paid to pre-
sintering up to 400 °C when the nitrates and all
organic compounds decomposition occur.
Temperature was incremented with 4 °C/min and
maintained at 400 °C for 24 hours, resulting in the
formation of a brown phosphor precursor. The
appearance of YAG:Ce yellow phosphors was
observed after treatment in air at 1100 °C for 48
hours (4 samples were taken after heat treatment in
the range of 900-1100 °C).

To observe the influence of the sintering
temperature on the YAG:Ce phosphors structure,
Rigaku SmartLab X-ray Diffraction System was used
with CuKa radiation in the 26 range from 20° to 70°.
Scherrer’s equation was used to calculate the average
crystallite size. The dopant presence in the crystalline
network was confirmed using energy dispersive X-
ray spectroscopy (EDX) for the phosphors elemental
composition analysis. EDX spectra were collected
with a TESCAN having an EDAX facility, operated
at 10 kV. Moreover, using Fourier Transform Infrared
(FTIR) spectrometry (Bruker Optics, Tensor 27) and
KBr disk technique, we have highlighted the
existence of the Ce-O bond in the crystalline network.
The spectra were taken in the wavenumber 4000-400
cm! by averaging 64 scans and with a resolution of 4
cm!. The microstructure and morphology evolution
of the particles were determined using field emission
scanning electron microscopy (FE-SEM). The SEM
images for the powder samples were taken with an
FEI Nova NanoSEM 630 system. In order to increase
the image quality, before the SEM examination, the
yellow phosphors were dispersed into ethanol, ultra-
sonicated for 30 min., dip-cast onto the surface of
silicon wafers and coated with a thin gold layer.
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3. Results and discussions

The quality of phosphors based on yttrium is
determined by its structure and morphology, the
purity of the garnet phase, the shape and size of the
particles. The XRD diagrams were used in order to
study the crystal structures of the phosphor, purity,
crystallite size and strain.

The YAG crystal structure has a 160-atom body-
centered cubic (bcc) unit cell and l1a-3d (230) space
group. From a theoretical point of view, the evolution
of a sample of phosphors after the thermal treatment
is from raw material (Al,O3 -Y203) to amorphous,
YAP, YAM, hexagonal and / or orthorhombic YAP
and YAG phase [21]. However, in practice, in the
luminescent material several phases coexist, which
was seen in the XRD diagrams. All single lines can
be indexed (Table 1) for the samples and are
attributed to garnet crystal structure and to the
intermediate phase caused by incomplete processes
[20].

Figure 1 shows X-ray diffraction pattern of the
phosphor precursor and for the material after
annealing at temperatures of 900-1100 °C.

In the XRD graph of the phosphor precursor (fig
1 [1]) may be observed an amorphous compound. For
the phosphor annealed at temperature over 900 °C
(fig 1 [2]) the transition from amorphous to
crystalline phases, and the existence of the YAP as
the predominant phase were observed. The samples
annealed at 900-1050 °C (Fig. 1 [3], 1 [4], 1 [5])
revealed the YAG as the predominant phase and the
presence of reaction intermediate. XRD analysis (Fig.
1 [6]) for the sample undergoing a heat treatment at
1100 °C shows that this temperature is sufficient to
obtain a single phase of garnet. All lines were
identified and indexed to the YAG phases, thus
confirming the transformation of all intermediates

into the garnet structure. The samples sintered over
950 °C, indicate a peak centered at about 26 = 33.4°
which corresponds to the crystalline plane with Miller
indices of (420) from YAG structure, suggesting that
the predominant phase is the garnet. In the case of the
sample annealed at 900 °C we noticed that the main
peak is at 26 = 34.29°, indicating that the main phase
is YAP phase. Using the main peak and the Scherrer
equation, the average crystallite size was calculated.
Figure 2 shows the crystallite size variation as a
sintering temperature function, noticing a decrease in
the average crystallite size to a certain temperature
(1100 °C). The average crystallite size calculated for
the YAG:Ce is 36 nm. The possibility of increasing
the average size of the crystals appears at high
temperature and sintering time.

40000 -
35000 +
30000 4
[6]-1100°C
25000 -
[5]-1050°C

20000 -

Intensity [cps]

[4)-1000°C

15000 Pwa__ahd Jh At A A A A A e [3]-950°C

A A [2)-900°C
[1)-Precursor

10000 . T
20 30 40

50 % l] 60 70 80 90
Fig. 1. X-Ray diffraction pattern of YAG:Ce
phosphor samples annealed at different
temperature: (1)-precursor, (2) sintering at 900
°C, (3) sintering at 950 °C, (4) sintering at 1000
°C, (5) sintering at 1050 °C and (6) sintering at
1100 °C

Table 1. Crystalline planes for yttrium based phosphor after annealing at 900-1100 °C

Crystalline 205 [°] 205 [°] 205 [°] 205 [°] 205 [°]
phase 1100 °C 1050 °C 1000 °C 950 °C 900 °C
20.98, 27.83,29.72, 20.96, 27.81, 29.78, 20.98,27.81,29.78, | 20.90,27.71,29.72, | 40 e 5783 2968
33.39, 36.60, 38.18, 33.40, 36.70, 38.25, 33.40,36.70,38.24, | 33.43,36.60,38.22, | fo'en’ e na e
41.21, 42.62, 46.66, 41.20, 42.61, 46.65, 41.22,42.69,46.67, | 41.23,42.59,4659, | ;1" ct 0 e
YAG 51.66, 52.78, 55.12, 51.63, 52.85, 55.11, 51.66,52.83, 55.16, | 51.59,52.77,55.12, | o>'00"cc'1 ] 66 o0
56.28, 57.39, 60.75, 56.34, 57.42, 60.72, 56.25,57.46, 60.75, | 56.19,57.46,60.64, | =) oo
61.75, 70.04, 72.03, 61.81, 70.05, 72.07, 61.82,70.07,72.04, | 61.74,70.01,7207, | 2, 2" 7 0r o0 o)
74.03, 76.96, 81.79, 74.05, 76.93, 81.73, 74.04,76.94,81.73, | 74.02,76.81, 81.73, earr
84.64, 87.38, 89.30. 84.61, 87.46, 89.31. 84.55, 87.40, 89.26. | 84.54, 87.38, 89.25. -
24.08, 26.94, 34.30, gzgg gg?g ggég 24.01, 26.96, 34.29
YAP 35.18. 34.70,35.89,41.86, | o' uo7 61 09, | 3455, 35.87, 4187,
49.46, 61.17, 67.58. e7sa | 49.36,61.05, 67.56.
YAM - 29.13. 29.10.
ALO 25.63,30.81,40.70, | 25.57,30.73,40.65, | 25.52, 30.70, 40.65,
27s 43.44, 44.20. 43.34, 44.13. 43.45, 44.25.
Ce;03 28.58, 47.51. 28.64, 47.69. 28.57, 47.54. 28.68, 47.68.
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120 - in the ionic radii. The lattice parameters of the
YAG:Ce were found to be 12.0028 A.
0] In terms of qualitative analysis, in the energy-

80

60

Crystallites size [nm]

404

T T T y
900 950 1000 1050 1100
Temp [°C]

Fig. 2. Variation of crystallite average size
of the YAG:Ce samples as a function of sintering
temperature

Figure 3 presents the strain of the network as a
function of the temperature, showing a direct
proportional decrease with the temperature increase,
which is explained by the decrease of the stress in the
network as a result of the removal of the secondary
phases from the final product.

0.12
0.10
0.08
g
c 006+
s
(7]
0.04
0.02
0.00 T T T T
900 950 1000 1050 1100

Temp [°C]

Fig. 3. Strain variation of the YAG:Ce
crystalline samples as a function of sintering
temperature

Further annealing of the powder over 1000 °C
shows an increase of diffraction peak intensity due to
the improved purity and crystallinity. The largest and
sharpest peaks can be observed for phosphor powder
treated at 1100 °C. The presence of cerium ions is
only observed in the annealed samples up to 1050 °C,
due to the incomplete transformation process. For the
sintered sample at 1100 °C, the complete substitution
of Y¥*with Ce3* does not disturb the crystalline
structure of the samples, appearing only a small
change in the lattice parameters due to the difference

dispersive X-ray spectrum in Figure 4 we can see
peaks that correspond to the atoms of O (O(K) at 0.53
keV), Al (AI(K) at 1.49 keV), Y (Y(L) at 1.92 keV)
and Ce dopant (Ce(L) at 4.8 keV). The quantitative
analysis was based on the use of atomic percentages,
from EDX data, for calculating the molecular formula
of the yttrium based phosphor sample. The final
composition was calculated and corresponds to
theoretical  Y281Ce0,13Al50201204 formula, which
suggests a good crystallinity and is very close to that
of the target materials.

A

Y

1
» Ce
e Lk,.......u....,\l.mn..u,.i..,..,.n.... leﬁ,.x i b el 8

[R1] 160 30 30 in LRl 510 580 650 keV

Fig. 4. EDX spectrum of a representative
YAG:Ce phosphor powder

Moreover, the FTIR spectra (Fig. 5) for a
YAG:Ce sample annealed at 1100 °C confirms the
existence of Ce-O bond in the crystalline network.

0.8

074 ]

0.6

0.5

0.4

Transmittance [%]

0.3

0.2

797
014 731 691

459

T T T T T 1
1000 900 800 700 600 500 400
Wavenumber [cm™']

Fig. 5. FTIR spectrum for YAG:Ce phosphor
powder

It is observed that the spectrum consists of
significant absorption bands at the lowest frequencies
(below 800 cm?), that has been assigned to the
vibrations mode of the M-O bonds from the garnet
structure. The bands centered at 797 and 691 cm™?
occur from the stretching vibrations of the Al-O; the
peak from 732 cm? is assigned to Y-O, while the
peak from 571 cm™ is assigned to Y-O-Al bonds. The
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presence of the dopant in the sample was observed in
the bands centered at 520 and 459 cm™ which can be
attributed to the vibration mode of the Ce-O bonds
from the garnet crystalline network [20]. The bands
attributed to O-H bonds (3440 and 1636 cm) are due
to water absorption. No organic residue was observed
in the spectrum.

Obtaining particles with spherical surface and at
nanoscale is necessary to avoid scattering phenomena
and to improve optical properties. Figure 6 shows
SEM micrographs for precursor samples and treated

at temperatures between 900 and 1100 °C. The SEM
micrograph for the precursor sample (Fig. 6 [1])
confirms the XRD observations of amorphous
compound formation. The samples treated at
temperatures up to 1050 °C (Fig. 6 [2]-6 [5]) present
irregular particles with a heterogeneous distribution,
thus confirming that the process is incomplete. The
sintered sample at 1100 °C (Fig. 6 [6]), exhibits
particles with spherical shape and smooth surface. An
average particle size of about 40-60 nm was
determined.

K 15 A
Fig. 6. SEM micrograph of the YAG:Ce phosphor samples sintered at different temperature: (1)-
precursor, (2) sintering at 900 °C, (3) sintering at 950 °C, (4) sintering at 1000 °C, (5) sintering at
1050 °C, (6) sintering at 1100 °C

4. Conclusion

Using a modified sol-gel method we synthesized
a yellow garnet phosphor. The oxides and the
acetylacetone were used in the process as raw

materials and as chelating agent, respectively. CTAB
and DMSO were used for morphology control. The
thermal treatment was studied from the structural and
morphological point of view. An amorphous
precursor (at 900 °C) and transition to crystalline
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phases (by annealing over 900 °C) was confirmed by
the XRD diagrams. In the sample sintered at high
temperature, the formation of YAG phases was
observed. Only for phosphor annealed at 1100 °C
YAG is the single-phase present. For the samples
sintered at 900-1050 °C, the coexistence of Al,Os,
Ce;03, YAM, YAP, and YAG phases was
determined. The existence of intermediate phases due
to the incomplete process was also observed in the
variance of the network strain. We noticed that the
average particle size increases with increasing
temperature for the samples sintered at 900-1100 °C.
Using the EDX analysis, the main atoms were
identified and the Y3281Ceo13Al50201204 molecular
formula was established. The presence of the dopant
in the crystalline structure was evidenced by EDX
and FTIR analyses. Peaks were observed in the FTIR
spectrum, which can be assigned to the vibration
mode of the M-O bonds from the garnet molecule.
SEM micrographs come to confirm the XRD
observation. The amorphous form of the precursor
was observed, with irregular particles variation and
heterogeneous distribution for the sample treated at
900-1050 °C and nanoparticles with spherical shape
and smooth surface for the samples after treatment at
1100 °C.
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ABSTRACT

In recent years, cerium oxide (CeOz or ceria) became a versatile
nanostructured material because of its unique properties derived from the low
dimensionality and high surface area. It was also extensively studied due to its
practical performances in many scientific and industrial applications, such as fuel
cells, luminescent materials, gas sensors, insulators, white LEDs, etc.

In this paper, the research focused on the synthesis and characterization of
cerium oxide powder manufactured by the co-precipitation method, using inorganic
cerium salt (Ce(NOs)s) and the precipitating agent (NaOH). In order to optimize the
CeO;, particles synthesis process, the parameters of the process were monitored to
obtain the quantitative precipitate and to optimize the heat treatment. The
precursors type and concentration used, reaction temperature and time, the pH of
reaction medium and order of the precipitating agent addition are the main factors
influencing the particle size and morphology of cerium oxide nanopatrticles.

The physico-chemical properties of the cerium oxide nanoparticles were
determined by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), and scanning electron microscopy (SEM), energy dispersive X-ray analysis
(EDX). The FTIR spectrum of the CeO- particles calcinated at 550 °C, in normal
atmosphere, exhibits a strong band at 482 cm™ corresponding to Ce-O stretching
vibration. The XRD pattern confirmed the crystalline nature of the CeO;
nanoparticles with a cubic structure and average crystallite size around 15 nm.
Moreover, EDX analysis confirms the presence of the Ce and O atoms
corresponding to the theoretical formula. The morphology and microstructure were
studied using SEM analysis.

KEYWORDS: cerium oxide, nanoparticles, synthesis, powders

1. Introduction

Cerium is a rare earth element, belonging to the
lanthanide group, whose elements are arranged into
an [Xe] 4f'5d'6s? type electronic configuration, that
can exist both free or in the oxide form [1-3]. Cerium
oxide, also known as ceria or ceric oxide, is an
excellent semiconductor material that has two valence
states of Ce®* (Ce,03) and Ce** (CeOy). It has the
ability to switch very easily and reversibly between
these oxidation states, with the possibility of rapidly

forming, filling, and moving oxygen vacancies within
the material [4-6].

From the two characteristic forms, CeO; is
considered the most stable with a fluorite cubic
structure, which contains eight coordinate cerium
centers surrounded by a cube of eight oxide ions that
are tetrahedrally coordinated into four cerium centers.
Moreover, this material does not show any known
crystallographic change from room temperature up to
its melting point (2700 °C) [8, 9, 20].

According to the literature, cerium oxide has
become an intensely studied material due to its
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interesting features (size, morphology, specific
surface area, dispersion state, oxygen storage
capacity, oxygen deficiency and electronic

conductivity) and its applicability in many areas of
practical and modern technology, such as gas sensors,
electrochemical devices, insulators, hybrid solar cells,
protective products against sunlight exposure (for
ultraviolet radiation absorption), ceramic
biomaterials, polishing materials, white light
emission, etc. [10-16].

Over the vyears, a considerable interest in
enhancing the practical activity of cerium oxide is due
to the excellent physical and chemical properties of
CeO; nanoparticles, which are based on known and
extensive synthesis methods. Thus, research has
shown that many methods have been proposed to
synthesize CeO; nanoparticles with promising control
of properties, such as hydrothermal, mechanical
processing, spray pyrolysis, sol-gel, solvothermal,
thermal decomposition and precipitation methods [2,
8, 17, 18]. However, each of the applied methods is
evidenced both by advantages and disadvantages for
each particular process, the several disadvantages
referring to the use of some toxic reagents and
solvent, high reaction parameters and the necessity of
requiring capping or / and stabilizing additives during
the reaction [6, 19].

From the known chemical methods, co-
precipitation synthesis is the most appropriate and
simple method for obtaining oxide materials with a
limited size distribution of particles and is widely
applicable. It is considered a reliable method due to
the advantages of a light synthesis condition. And
because of certain concentration conditions and pH it
can precipitate double salts, with complex
stoichiometry. And also, by sintering the reactants
with  the monophasic amorphous  structure,
nanocrystalline powders with homogeneous chemical
composition are obtained. In general, the physico-
chemical  characteristics  of  cerium  oxide
nanoparticles (size, morphology, type of intrinsic and
/ or extrinsic defect, crystal structure) largely depend
on their synthesis procedures [7, 14, 19].

The objective of this paper was to synthesize
cerium oxide nanoparticles by co-precipitation
chemical method, which is a very simple method,
accessible and with a small amount and cheap raw
materials, in order to obtain pure CeO, powder for
various practical applications.

The physico-chemical properties of cerium
oxide nanoparticles were determined by Fourier
transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), scanning electron microscopy
(SEM) and energy dispersive X-ray analysis (EDX).

2. Experimental details
for the CeO2 powder synthesis and
characterization

In our experiments, cerium (llI) nitrate
(Ce(NOs3)s), sodium hydroxide (NaOH), deionized
water (H20 DI), ethanol (C,HsOH) were used for the
synthesis of cerium oxide nanoparticles. All
chemicals were of reagent grade and used without
further purification. In a typical synthesis, the cerium
nitrate solution with 0.1M concentration was prepared
and continuously stirred with a magnetic stirrer at 80
°C for 2 h. Then, the NaOH solution with a
concentration of 1M was added dropwisely to the
precursor solution and stirring was maintained for 3
hours at the same temperature, until a yellow
precipitate was formed. The formed precipitate was
left in repose for several minutes, after that it was
filtered and washed alternatively with deionized water
and ethanol for purification and removal of the
secondary compounds.

After this step, the precipitate was further pre-
sintered at 80 °C for 3 hours, these conditions being
necessary for the complete conversion to CeOa.

The sintering of the dried sample was carried
out in a calcination furnace at a rate of 5 °C/min up to
a temperature of 550 °C for 3 hours, in order to obtain
a slightly light yellowish powder of CeO..

The structural characteristics for the sample in
powder form were determined by Fourier Transform
Infrared spectrometry (FTIR), in which IR spectra
were recorded using a Bruker Tensor 27
spectrometer, in the wavenumber range of 4000-400
cm? by averaging 64 scans with a resolution of 4
cm™! using the KBr pellet method.

The average crystallite size, crystalline phase
and lattice parameters of the sample in powder form
were analyzed by the X-ray diffraction (XRD)
method using a 9 kW rotating anode SmartLab
diffraction system (Rigaku Corporation, Japan)
equipped with a CuKay tube and a multilayer mirror
(A = 15406 A). The experimental profile was
recorded in grazing incidence XRD (GIXRD) with
the incidence angle equal to 0.25°, while the detector
was performed in the 26 range from 20° to 90°.

The elemental analysis of the sample was
carried out using energy-dispersive  X-ray
spectroscopy (EDAX, Smart Insight AMETEK). In
addition, energy  dispersive X-Ray (EDX)
spectroscopy is attached to the scanning electron
microscopy technique.

The morphology and microstructure were
studied using a Field Emission Scanning Electron
Microscope (FE-SEM). The SEM image was taken
using an FEI Nova NanoSEM 630, with ultra-high
resolution at high and low voltage in high vacuum of
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1.6 nm @ 1 kV. For increasing the SEM images
quality, the sample in powder form was dispersed in
ethanol, dripped onto the silicon wafer surface and
then, a gold layer was vaporized onto the sample
surface.

3. Results and discussions

3.1. FTIR analysis

The FTIR spectrum of synthesized CeO;
nanoparticles pre-sintered at 80 °C and calcined at
550 °C, in normal atmosphere, is presented in Figure
1.

The feature in FTIR spectrum of pre-sintered
precipitate presents bands in the range of 4000 -1300
cm?® which can be attributed to nitrate species
vibration from raw materials and hydroxyl from water
absorption. After calcinations, the peaks from this
region were significantly changed with the increase of
the heat-treatment temperature. The spectrum of
CeO, nanoparticles calcined at 550 °C, clearly
showed three peaks centered at 3446, 1638 and below
700 cm™!. The bands at 3446 cm™ and 1638 cm™! can
be attributed to the stretching mode of O-H bonds
from absorption during the processing step of FTIR
analysis [8, 18].

The strong band centered at 491 cm™' can be
assigned to the presence of C-O stretching vibration
mode from CeO, molecules.

114
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Fig. 1. FTIR spectrum of the CeO, powder: a)
pre-sintered at 80 °C, b) sintered at 550 °C

3.2. XRD analysis

The XRD pattern of the CeO, nanoparticles was
carried out by X-ray diffraction in the range of 26
between 20° to 90° as shown in Figure 2.

XRD was also used to check the purity and
crystallinity of CeO; nanoparticles, and to estimate
the average crystalline size.

The sample exhibits typical peaks corresponding
to the CeO; crystalline planes with Miller indices of
(111), (200), (220), (311), (222), (400), (331), (420),
(422) for a series of characteristic peaks located at 26
= 28.3°, 33.1°, 47.4°, 56.3°, 59.0°, 69.3°, 76.6°,
79.0°, 88.3°, respectively [9, 14]. All the diffraction
peaks of the sample were indexed to the cerianite
(Ce) symmetric structure with cubic structure (lattice
parameters are a = b = ¢ = 5.4154 A), belonging to
Fm-3m space group no. 225 [DB no. 00-900-9008].
No peak of other crystalline impurities (i.e: Ce203)
was detected, thus indicating the high purity and good
crystallinity of the cerium oxide sample.

Using the full width at half maximum (FWHMs)
of the diffraction peaks, the average size of the
crystallites was estimated through Debye Scherrer's
formula:

D = KM(B cos 0)

where: D is the crystallite size; K is the shape
coefficient (0.94), 4 is the radiation wavelength (1.54
A), p is the line broadening at half the maximum
intensity (FWHM) in radians, and 6 is the Bragg
diffraction angle obtained from 20 value
corresponding to the maximum intensity peak (in
radians).

Based on this formula, the average crystallite
size of the CeO, powder sample was found to be
around 11.5 nm.

(11

150

(220)

311)
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Intensity [cps]

(002)
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2007

Fig. 2. XRD pattern of the CeO, powder
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3.3. EDX analysis

In order to achieve a qualitative study, EDX
analysis was performed as presented in Figure 3.

EDX provided information on the elemental
analysis or chemical characterization of the powder
sample, which further confirmed that the synthesized
CeO; was pure and consisted in Ce and O. In the
energy-dispersive X-ray spectrum (Figure 3), we can
see peaks that correspond to the atoms of oxygen
(O(K) at 0.53 keV) and cerium (Ce(L) at 4.84 keV
and Ce(M) at 0.88 keV).

Fig. 3. EDX spectrum of the CeO, powder

This analysis also reveals the weight and atomic
percentage of each component present in the
synthesized sample as shown in Table 1. The
quantitative analysis was based on the use of atomic
percentages for calculating the molecular formula of
the cerium oxide sample. The final composition was
calculated and corresponds to the theoretical
Ce1.01701.983 formula, suggesting a good crystallinity
of the material, being very close to that of the desired
material [10].

Table 1. Weight and atomic percentage of the
elements present in the CeO, powder from EDX

data
OK 18.2 66.08
CeL 81.8 33.92

3.4. Surface morphology

The surface morphology and size details of the
CeO; nanoparticles were studied through the SEM
image in Figure 4.

The SEM image displays the existence of
crystalline particles with the sizes in the range of 15
to 30 nm. Spherical shapes of CeO nanoparticles and
a slightly tendency for agglomeration were
confirmed. A  homogeneous distribution  of

spherically synthesized CeO, nanoparticles was
observed. This result is consistent with the crystallite
size calculation by Scherrer formula from the XRD
analysis.

Fig. 4. SEM micrograph of the CeO, powder
4. Conclusion

CeO, nanoparticles were synthesized by the
chemical precipitation method and the parameters and
optimal synthetic conditions were established.

The influence of process conditions on the
structural and  morphological  properties  of
synthesized particles has been investigated.

The FTIR spectrum indicated a strong band at
491 cm™ due to the presence of Ce-O stretching
vibration mode of CeO..

The results obtained from XRD and SEM
confirm the crystalline nature of the synthesized
sample and the nanoscale size of the crystallite
(particle).

XRD pattern shows the formation of the fluorite
type structure, with cubic symmetry characteristic for
ceria, without other crystalline impurities. The
average crystallite size of CeO, powder was
calculated around 11.5 nm.

EDX spectrum indicates that the particle is
composed only of Ce and O and it confirms the
theoretical formula and the purity of the sample.

SEM image displays the existence of crystalline
particles with the sizes in the range of 15 to 30 nm,
but also spherical shapes of the particles with
clumped distribution.

The co-precipitation method was preferred in
cerium oxide nanoparticle synthesis because by
optimizing the reaction conditions and calcination
temperature, lower crystallite (particle) size was
obtained. Moreover, the desired properties of CeO,
nanoparticles make it a promising material in order to
develop applications in the environmental field. The
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particles thus obtained have demonstrated their
usefulness and were subsequently used for the
synthesis of ion-doped garnet phosphorus and
cerium-doped aluminum phosphate, for
optoelectronics (“Influence of Sintering Temperature
on the Structure of the Yttrium Based Phosphor
Nanoparticles” — the paper presented to SCDS-UDJG
2017 and awarded the First price), as well as for the
development of applications within the TEHNOSPEC
project —No. PN1632/2016.
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ABSTRACT

The product information system is an organizational device for regulating the
creation, circulation, use and evolution of the information assets of the product
definitions. It refers to all the information that defines how the product is designed,
manufactured and used.

Product information systems have become a critical element for the
enterprises to support their process of product offer definition.

The company SOTACIB itself assembles these production elements (from the
basic composition phase to the final phase). Our application provides a
computerized management system for the technical data of the product
manufacturing. Its objective is to support the development activities of the cement
product by preparing atomized powders such as grinding, controlling the
parameters of the slip, by sieving and final atomization. An UML modeling of the

system is developed in the context of a driven approach centered on a proposed

architecture.

KEYWORDS: UML, Product Information System, TDMS

1. Introduction

The information system of a company is a
communication link both inside the company and
outside. The systematic vision of the company sets up
the information system at the interface between, on
the one hand, the operating system responsible for
production and responding to the purpose of the
company and, on the other hand, maintains the
chosen objectives [1].

The operating system of the company contains
two key processes that are decisive for the
achievement of the company's objective:

1 - a first process of "definition of the product
offer”, whose function is to define and maintain the
products that the company releases on the market.
Enterprise  Resource Planning (ERP) information
systems play an important role in supporting this
process.

2 - a second process of "production of supply"
This process begins when a customer expresses his
need and therefore places an order. In this case, the
company must provide a quality product as soon as
possible. This process requires the installation of a

PDM (product data management) information system.
We refer to this second enterprise information system
in this article. Thus, the objective of this work is the
setting up of UML for the modeling of an information
system for the preparation of cement. Indeed, with the
complexity of the product offer and in a concurrent
engineering context, the mastery of technical
information has become a crucial and difficult
subject: crucial because any failure in the
management of information is translated immediately
by non-qualities but also difficult due to the dynamics
of the system [2, 3].

2. Development of the approach

The manufacturing process goes through several
stages: after studying the needs of the customer, the
product is defined and the preparation is made. The
production takes place according to precise
conditions, which are controlled at all the stages. The
preparation of cement passes through several stages:
choice of raw materials, grinding, control of color,
control of the parameters of the slip, sieving and
atomizing the slip. In the control room, engineers
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drive the factory from their screens where all the
information is displayed. At each stage of the
transformation of the material, samples are
automatically taken and analyzed very rigorously.

To construct a computer system that manages
the manufacturing process, the SIP context is used,
which implies different needs than those present in
traditional management applications. The data
managed are more complex (graphic, text, etc.), the
data models are richer (with strong semantics and
involve a rich dynamic with several levels of
abstraction: instance, class, model).

This information system is developed by the
object - oriented approach which has shown its results
in research work on engineering application
development [4].

3. System Modeling

The development of the product information
system is based on an object - oriented architecture as
part of an approach driven by the use cases centered

on an architecture and iterated in an iterative and
incremental way.

This tool is based on a PIS package that brings
together all the business objects: manufacturing,
product definition and user’s need as it can be seen in
Fig. 1 [5]. Our modeling is centered on the
"manufacturing” business object that describes the
technical data of the manufacturing process.

3.1. Description of Collaboration
Diagrams

In analysis, UML creates the use cases by means
of collaborations between the objects coming from
the domain of the application [6, 7]. Collaboration
diagrams show interactions between objects (class
instances and actors, which allow us to represent the
context of an interaction, because we can specify the
states of the objects that interact with each other).
Collaboration diagrams that present the functions
"Define Product”, "Grind" and the "Sift" function are
shown in Fig. 2, Fig. 3 and Fig. 4.

PIS
Mamufacturing Composition
Powder Slip Clay Defloculant
Composition : Pgm | | Pem Analyse
Composition : Model
User needs : Request
Product definition User needs
Product Layer Client Request
Color Model
Composition : Pgm
User needs : Modéle

Fig. 1. Representation of the PIS package for the cement
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1 : ControlProd( ) 4 :Control Layer
_—
% —— [ Podwa Laye
designer
2 :ControlMod( ) l 5 :Control RM
:Prodmatenal
:Color Model
‘.—
3 :ControlerCol( )
Fig. 2. Collaboration diagram «Product definition»
1 : Request grinding
5 : Check max balance load ()
% E—— | % 11 : Control parameter
— I\
CE 2 ‘RequestPgm( ) ‘Operator
12 :Grinding=OK
3 :To weight( )
\ 8 :Canry()
4 :Select( )

10 :Tum( ) / l 6 :load

7 :Load water+defloculant( )

«

9 : Transporter( )
‘—

clays

Fig. 3. Collaboration diagram «Grind»

3 :Sift unloading()

4 :pomp agitator()

5 :Sift agitator()

6 :pomp PrincipalAgitator ()

7 :Sift Principal Agitator ()
; é o

8: store()
1 :Deacti\'ate()\

9: venify()
Fig. 4. Collaboration diagram «Sift»

: Crusher
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3.2. Class Diagram different relationships between them. This diagram
is a part of the static part of UML because it
The class diagram is a schema used to present  disregards the temporal aspects. The class diagram of
the classes and interfaces of the systems as well as the ~ our application is shown in Fig. 5 [8, 9].

Laver Product Model
Name-layer tet |18 Lo | Code-product text Name-Mod text —
Namme Laver dext Type-prod text Widht-Mod :oum
) e Doc-prod text Length-Mod ‘sum 1 1 Name-Col text
HeghtModmum | 5% 0% | poery om
DefineLaver() DefinurProd() ; Image-Mod -oum
AddMod() ; CreateCol() :
Lo ResearchMod() ;
Coch-Prod
la
Name-layer -text C
Code-Prod text < |
LayerRM Prod-Mdd Name-Mod -text
Name-Col text
mhya text CréercouchProd(): S ode&rod “text
A fext Name-2iod text c Molo :
CreatlayerRM() ; CréerProMod() ;
la =
Code-Mod -text Chent
RM Name-Ch: -text -
Name-Client -text
Matenal -text C B Swname-Chent text
Code-Material text sealerequest); Add Client -text
Qnt-Stock -num
weightMat() ; 1a AddChent() ; |
TransporterMat() ; DeleteClient() ; Qat-Poud ‘mam
Humid-Poud Num
Gran-Poud num
lLa la
ﬁ 1a —ControlHumud(-——
Deflckulast Cl - —
Code-Def -text i e
Des-Def text Nom-Arg text
Qut-Def :num H% Num Nbr-Tour num
Speed :oum
LoadDef]) : Rate() ; Charge-Max -oum
WeghtDef]) : Ms():
TransporterDef{) Mh(); ActivCrusher() ; 1
LoadCrusher() ;
/f a
Analyse x> Pem Slusry
Des-Broytexte Code-pgm text 1 1| Qui-Bubaem
Nor-Tower Ref tum
mm Date-pgm ‘num Vis um
Speed num Hour-pgm Dex zum
Charge-Max num 8
ModifierPem() ; C‘;‘;’;‘;ﬁg:
ActivBroy() ; AddPem() ; ControlerDY() :
ChargerBroy() . AtomuseShurry() :
SiftShory () -
Fig. 5. Class Diagram for Business Object "Manufacturing"
4. Conclusion language. In this paper we have succeeded in

developing an object- oriented architecture for the
This work is part of a research study on product  engineering of product information systems and more
information systems that use the UML modeling
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specifically of the technical data management system
(TDMS) for the manufacture of cement product.

The developed TDMS allows us to structure,
secure and share access to information for the cement
product and on the other hand to ensure both the
accuracy of the production records and the visibility
of the process Technical change management.
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ABSTRACT

Depending on the conditions of their use, most equipment gets deteriorated in
time. In this paper the corrosion rate (CR) was verified by using the experiment of
weight loss (WL) of specimens from steam boiler pipes (SBP) made of 1010 carbon
steel with a thickness of 4 mm. CR was calculated by specimens’ weight loss in the
corrosive environment at 25 °C in 5% NaCl - 10% H;0- solution which reproduces
the environment in the plant during specific times.

The mechanical properties which were verified include hardness test and
tensile test. The results that have been obtained through tensile curves and hardness
properties on specimens 1 and 2 were compared to a non-service specimen (3)
made of 1010 carbon steel. It is concluded that there was an increase in the
properties of tensile and a decrease of hardness for both specimens by comparing
them with a non-service specimen. Due to overheating, a deposition of layers of
lime (CaO) on the pipes was caused. It is noticed that the decrease of the

mechanical properties leads to increased corrosion.

KEYWORDS: steam boilers pipes, carbon steel, corrosion rate, weight loss,

hardness properties, tensile stress

1. Introduction

Over the years, the chemical engineers always
provided the best information for corrosion and
proper use of materials in the chemical industry and
its operations.

Many scientists and researchers worked hard in
this domain to answer the important question: how
does corrosion occur [1].

Corrosion is a degradation of a metal by
electrochemical changes that occur in the presence of
the surrounding environment, which lead to the
occurrence of the corrosion, namely to. a change in
the mechanical properties of a metal [2, 3].

Corrosion usually begins on the stages which
can be shortened by the following steps:

1. Interaction between the base metal and the
corrosive environment.

2. Growth of oxidation layer and its penetration
in the base metal [4].

Boiler is the heat transferring used in the
production of steam (wet, toasted). We can use this
steam in the power generation, heating, etc.

The main problems of corrosion that occurs in
boilers are: oxidation, hydrogen damage, stress
corrosion cracking, fatigue and chemical corrosion
[5].

The pipes of boilers erode during the passage of
water or steam inside and heated by the outside fire.
Therefore, the failure can be classified into internal
failure represented by the fatigue and external failure
represented by oxidation, hydrogen damage, erosion
and stress corrosion cracking [6, 7].

- 47 -


mailto:alaaabouhareb84@hotmail.com
mailto:ion.ciuca@medu.edu.ro
mailto:roxana_gheta@yahoo.com

G NDE TG
Y S8

% THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
3 = 2 FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
Ve o] N°. 1 -2017, ISSN 1453-083X
S &

Pipe failure occurs in different parts of the boiler
and the following statistics were collected: 40% in
water wall tubes, 30% in super heater tubes, 15% in
re - heater tubes, 10% in economizers, 5% in cyclones
[8, 9].

Our aim in this research is to investigate the
corrosion processes which occur in the pipes of the
boiler and to study the influence of mechanical
properties on corrosion.

2. Materials and methods

2.1. Specimens of experiment

Specimens for boiler tubes (horizontal and
vertical boiler) were selected and numbered as
follows: specimen 1 is the standard tube (non-service
specimen) for the horizontal and vertical boiler (for
comparison), specimen 2 is the tube that was in
service for the horizontal boiler and specimen 3 is the
tube that was in service for the vertical boiler, all with
4mm thickness.

The chemical composition of the 1010 carbon
steel was obtained by spectral analysis device
(Spectro Max) and is shown in Table 1.

2.2. Testing

Specimens with dimensions of 20 x 20 mm? and
4 mm in thickness were used for the weight loss
measurement.

All samples have been metallographically
prepared on SiC fine paper of different grit (1200
grit) followed by cleaning in distilled water, acetone
and drying in hot air.

In order to evaluate the material mechanical
properties, the tensile strength and yield strength have
been analyzed by using a 300 KN servo hydraulic
universal testing machine.

The specimens were subjected to hardness
measurement, which was determined on several
regions by Rockwell hardness (HRA) testing method.

3. Results and discussion

3.1. Structural characterization

Figure 1 shows the schematics of the samples
used.

Fig. 1. Tensile specimens used in the research

In Figure 2 the physical tensile specimens which
were used in the research are presented.

The Load - Displacement curves of the
specimen are shown in Fig. 3 and the bar chart shown
in Fig. 4 shows the comparison of the tensile
parameters obtained from testing and the non-service
specimen.

Table 1. Chemical composition (wt. %)

No. C% Si% Mn% P% S% Cr% Ni%
1 0.094 0.076 0.004 0.01 0.404 0.088 0.09
0.150 0.078 0.0038 0.018 0.413 0.111 0.09
0.085 0.104 0.0085 0.0086 0.375 0.107 0.081
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1 2 3

Fig. 2. Macroscopic images of the 1010 samples
used in the mechanical tests: 1) non-service
specimen, 2) service horizontal boiler specimen
and 3) service vertical boiler specimen

It is noted that there is an increase in tensile
properties for both specimens 2 and 3, by comparing
them with specimen 1.
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Fig. 3. The load - displacement curves of the
tested specimens: 1) non-service specimen, 2)
horizontal boiler specimen and 3) vertical boiler
specimen

The hardness tests have been achieved on
different regions, and they showed an approximate
value of 48.6 HRA for specimen 1, 48 HRA for
specimen 2 and 48.1 HRA for specimen 3.

It is noted that there is a decrease in hardness
properties for both specimens 2 and 3, by comparing
them with specimen 1.

500

Tensile
strength

450 Tensil
cste 405 Mpa

strength,
400 Mpa

Tensile
strength.
447 Mpa

Yield
trength
95Mpa
Yield Yield
rength,  grrengt
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Fig. 4. The tensile strength and yield strength of
the tested specimens: 1) non-service specimen,
2) horizontal boiler specimen and 3) vertical
boiler specimen

It is noticed a decrease of mechanical properties
(hardness and tensile stress) through the chart for
both specimens. This makes the metal more
susceptible to corrosion such as stress corrosion
cracking and pitting corrosion under high temperature
and high pressure. So, it is required a type of metal
which has high mechanical properties to protect it
from the corrosion.

In searching for the suitable metal, it is found
that there is a type of carbon steel able to work in this
condition.

ASTM A210 [10] is a carbon steel pressure tube
with very good mechanical properties, which can be
successfully used in this application.

In Table 2 are shown the chemical properties of
ASTM A210 carbon steel pressure tube.

Table 2. Chemical composition (wt. %) [10]

ASTM C% Siw | Mne P S
A210 0.27 | 0.1 | 0.93 | 0.048 | 0.058

In Table 3 are shown the mechanical properties
of ASTM A210 carbon steel pressure tube.
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Table 3. Mechanical properties [10]

Tensile strength | Yield strength
ASTM
[Mpa] [Mpa]
A210 415 255

3.2. Corrosion results

The tests were carried out at 25 °C in chemical
solution of 5% NaCl - 10% H,0, which simulates the
environment in the factory during specific times.

Using a hand grinding wheel machine, the
surface of the specimens was polished. After that,
surface preparations were carried out by wet grinding
with a series of SiC papers to 1200 grit followed by
cleaning in distilled water, with acetone and air
drying.

A solution of 5% NaCl - 10% H,0- in distilled
water was used, to simulate the environment in the
factory during specific times (every 24 h, three times)
at 25 °C, whereas the concentration of solution
represents the work environment.

The weight loss was monitored by measuring
the initial and final mass with an analytical balance
(Sartorius, model TE 153S) with a precision of 0.001
g.

We can determine the corrosion rate [11] using
the following equations (1) and (2).

K-W
R= / o))
AT.D (mm/ year)

W =m, —m; (mg) 2

where:
R: Corrosion rate (mm/year);
K: 87.6 (conversion constant);
W: weight loss (mg);
A: area (cm?);
T: time (h);
D: density (g/cmd);
mi: initial mass;
my: final mass.

In Fig. 5 is presented a macroscopic image of a
specimen used in the weight loss experiments.

Fig. 6 represents the variation of corrosion rate
within time for all specimens, where all
measurements have been repeated three times.

Fig. 5. Macroscopic image of the tested
specimen in the corrosive environment during
the weight loss analysis

It is noted that the corrosion rate increases in the
first 24 hours, and it starts to decrease during the
following hours (Fig. 6).
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Fig. 6. Time - corrosion rate curves of the tested
specimens: 1) non-service specimen, 2)
horizontal boiler specimen and 3) vertical boiler
specimen
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4. Conclusion

The mechanical tests have highlighted that
specimens2 and 3 present higher tensile when
compared to a non-service specimen 1.

Furthermore, by making a comparison between
specimens 2 and 3 and a non-service specimen 1, we
notice a variation in hardness: the non-service
specimen 1 has higher hardness.

The weight loss tests have indicated that the
interaction which occurs in the corrosive media at
room temperature leads to materials deterioration.
The corrosion rate increases in the first 24 hour, and it
starts to decrease during the following hours.

It is noticed that in the following hours, there is
an increase in corrosion rate for both specimens 2 and
3, by comparing them with specimen 1.

This leads to the formation of a protective layer
on the materials surface, inhibiting thus the corrosion
process, but this leads to increasing pipe breakdown
by overheating due to the low conductivity of the
oxidation layer.

So, as a final conclusion it can be said that 1010
carbon steel is not a proper material for SBP
fabrication and should be replaced by ASTM A210
carbon steel pressure tube that will improve its usage
in this application.

By comparing A210 type and 1010 used, it is
noticed an increase rate of manganese in A210 (up to
0.93%), that improves tensile properties in high
temperature and pressure.

It is noticed a decrease rate of sulfide in A210
(up to 0.058%), that protects the metal from breakage
in the corrosive environment.
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ABSTRACT

Contemporary market must provide products that adapt to customer needs,
which requires large investments and long-term employment. Producers have to
take care of the buyers’ different way of thinking. The quality of products and
services is an important economic indicator. The paper presents studies and
research in the field of bending of metal parts (thickness between 1 and 3 mm) on
CNC machines. This paper tries to provide answers to the many problems arising in
the companies due to the quality of the economic goods. In the technological flow of
the achievement of a metal product, bending is very important, the quality and
conformity of the product depending on this operation. The paper proposes
laborious research and studies on determining the drawings of metal parts with the
thickness between 1 and 3 mm, considering that other variables such: the
temperature variation during the processes of punching and bending, tool usage,
the tolerance between the surfaces of the bending tools, the vibrations of the
machines, their usage and the roughness of the sheet metals may influence the
quality and precision of the products. The calculation of the drawing (the geometry
in plane of the piece) becomes important because it must include the deformation
caused by the bending operation. Bending coefficients K; must compensate for
deviations from the final dimensions of the metal parts, because of the many
variables that can adversely affect their execution. The bending coefficient K; is

determined by experimental tests and measurements.

KEYWORDS: bend metallic component; quality, conformity, other variables,

CNC machines

1. Introduction

The research was made in multiple stages in two
companies, on machines with different CNs. In the
first stage were determined the bending coefficients
K; for metal marks with a thickness between 1 and 3
mm, on the following machines with CN:

- Stamping machine TC 200R;

- Bending Machine type SAFAN.

The bending coefficients resulted after the tests
and measurements determined the extension of the
research on other machines with CN. The second
stage of the research introduced a variety of
possibilities used to determine the drawings (flat
patterns) of the components. The machines used to
create the metal components were:

- Stamping machine TruPunch 3000R with CN;

- Bending Machine ERM 30135.

The drawings were calculated in four ways:

a) The drawing of the single part calculated
using the bending coefficient Ka; resulted in the first
stage;

b) The drawing calculated mathematically on
neutral fiber;

¢) The drawing calculated on neutral fiber using
the coefficients Kgi obtained from the table;

d) The drawing calculated by the bending
machine software.

The purpose of the research is to determine the
optimal bending coefficient for the components to be
obtained with the highest precision. The bending
coefficients K; obtained after the experimental
determinations were highlighted tabularly. They can
be introduced in the computer aided design program
(CAD - Computer Aided Design) for the metal
components to be processed using CN machines
(CAM - Computer aided - manufacturing). The input
of the research for manufacturing components that
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follow the deviation of measures highlighted the
importance of the quality of metallic marks.

2. Technical requirements

The global economic system allowed the debut
of ISO 9000 standards and the instruction of real
professionals, which had a powerful impact in the
commercial trades between countries [1]. There was a
significant leap in quantity and quality in commercial
trades, determining a new international economic
order [2]. The quality of products and benefits
became a priority due to the degree of utility and the
need of maximizing the consumer satisfaction. The
study and research conducted and presented in this
essay focuses on the manufacturing of metal marks
made of OL37 with 2.5 mm thickness. The quality
and precision of the samples obtained are affected by
the presence of variables caused by the machines that
perform various activities and also by the tools used
and elements that create a system (machine / tool) for
achieving the desired purpose [3]. These variables are
not included in the software used for the computer
aided design and manufacturing [3].

2.1. Semi-manufactured cutting

The calculation of the drawings is important
because it contains also the deformations created
during the bending process. The metal marks made of
metal sheet with g = 2.5 mm were manufactured
using the stamping machine TruPunch 3000R. Three
types of samples with a gradual degree of complexity
were manufactured. For each type of drawing, four
types of calculations were used. For the component
“L support” (Fig. 1), 4 types of samples were
suggested, depending on the drawings (flat patterns)
calculated. The bending coefficient (Ks) obtained has
been included in the calculation of the drawings as
seen in Fig. 2, Fig. 3, Fig. 4 and Fig. 5.

The drawing of sample no. 1 image 25-1-L was
calculated using the bending coefficient resulted from
the previous research Kar = 0.52 mm / bending on a
90-degree angle.

L=0-g+l,-g+K,

L, =20-25+30-2.5+0.52
L, =45+0.52

L, =45.52mm

)

12,5 23 25

B, O

216

@D

B

AL

75

Fig. 2. The drawing of sample no. 1
(L Support)

Sample no. 2 image 25-2-L has the drawing
calculated from the neutral fiber [5].

L=0+0,+1,
7x90°

180°
L, =20-2x2.5+30-2x25+1.57(2.5+0.45x 25)

L, =40+1.57x3.625
L, =40+5.69125
L, =45.69125mm

L, =20-2xg+30-2xg+

(r +0.45x g) @

For the drawing of sample no. 2, the following
information was used: o= 90° r = 2.5 mm; x = 0.45
[8]; g =2.5 mm.

125 25

25

15

B

%O

N

a

1

dl

Fig. 1. L Support (Sample: no. 1, no. 2, no. 3, no. 4)
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Fig. 3. The drawing of sample no. 2
(L Support)

For the drawing of sample no. 3 image 25-3-L,
the drawing of the neutral fiber was calculated using
the bending coefficient Kgs = - 4.4 mm / bending at a
90-degree angle, depending on the thickness of the
material g = 2.5 mm and the radius of the bending
punch R = 2mm.

L=/ +0,+K

L,=20+30-44 (3
L, =50-44

L, = 45.6mm

12,5 25 25

O B, O

78

156

78

75

Fig. 4. The drawing of sample no. 3
(L Support)

The drawing of sample no. 4 image 25-4-L was
calculated by the software of the bending machine
with CN (Numerical Command) [4].

12,5 23 25

O, ©

2176
G

452

{776y

75

Fig. 5. The drawing of sample no. 4
(L Support)

The profile of the component “U Support” is
presented in Fig. 6. The 4 types of samples depending
on the drawing calculated are described in Fig. 7, Fig.
8, Fig. 9 and Fig. 10.

The drawing of sample no. 5 image 25-1-U (Fig.
7) was calculated using the bending coefficient Kaj
resulted in the first stage of the research Kai = 0.52
mm / bending at a 90-degree angle.

Lo=(,—g+/(,-2x0+{,—g+2xK,

L. =20-25+40-2x25+20-25+2x052 (5)
L, =35+35+1.04

L; =71.04mm

(1778)

O @‘“}k%j

353

Q O

736
£

12,3 fibi] 23
73

Fig. 7. The drawing of sample no. 5

(U Support)
L, 211_g+€2_g+Kson
L, =20-2.5+30-2.5+052 “)
L, =45.52mm
~
= L a |

Fig. 6. U Support (Sample: no. 5, no. 6, no. 7 and no. 8)
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For sample no. 6 image 25-2-U (Fig. 8) the

drawing was calculated on neutral fiber [5].

Ly=ly+ 0, +0,+2x0,

T X

L=¢,—-0g+/,-2x0+(,—g+2xk

soft

L, =20-25+40-2x25+20-2.5+2x0.52
L, =35+35+1.04 =71.04mm

(®)

)

NI

04

25

£3

73

0
=20-2xQ+40-4xg+20—-2xQ+2x 18300 (r+0.45xg)
=(20-5)x2+40-4x25+3.14x(2.5+0.45x 2.5) = @,
=30+30+3.14x(2.5+1.125) v
=60+3.14x3.625
=60+11.3825
=71.3825.mm 7
<

58] wBbk = |

4 | o & SN

=5 | = T—E}

. & 125

e DI & - ESE - -

12,3 25 25
73

Fig. 8. The drawing of sample no. 6

The drawing of sample no. 7 image 25-3-U was

(U Support)

(U Support)

Fig. 10. The drawing of the sample no. 8

The profile of the “Q Support” component is
described in Fig. 11 and the drawings were calculated

in four ways (Fig. 12, Fig. 13, Fig. 14, Fig. 15).

The drawing of the sample no. 9 image 25-1-Q
(Fig. 12) was calculated using the bending coefficient

calculated according to the coefficient de Kgs = -4.4
mm / bending at a 90-degree angle (Fig. 9).

Lo=6,+0,+0,+2xke,

Kai = 0.52mm/ bending at a 90 degree angle [5].

L=l — g+, —2x g+, —2xg+0,—2xg+0;—g+4xK, 9
Ly =25-2.5+25-2x25+25-2x2.5+25-2x2.5+25-25+4x052
L, =45+60+2.08

Fig. 9. The drawing of the sample no. 7

The drawing of the sample no. 8 image 25-4-U
was calculated by the software of the bending

(U Support)

machine with C.N (Fig. 10).

(Q Support)

L, =107.08mm
L,=20+40+20-2x4.4 @)
— _ JipL]
L, =80-8.8 B A% a5 P
L, =71.2mm | |
g fl“\ R ] Y _ _
: - o o6 0 0 O
2 O | )
< G o O ®) K
E = LY f 7
| HO o ¢ o©
= EI O O m 2338 - J604 l 2040 n
12,0 . .
- o Fig. 12. The drawing of sample no. 9

The drawing of sample no. 10 image 25-2-Q
(Fig. 13) was calculated mathematically on neutral

-Bb5-

fiber according to the thickness of the material and
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Fig. 11. Q Support (Sample: no. 9, no. 10, no. 11 and no. 12)

L=t +E,+ 0+, + L +4x L,

x90°

Ly=0+0,+0,+0,+ 0, +4xKe,

Lo =25-2x0+25-4xg+25-4xg+25-4xg+25-2xg+dx oo (r+045xQ) (lO) |_11225+25+25+ 25+ 25—-4x4.4 (11)
Ly = (25-5) + (25-10)x 3+ 25-5+3.14x 2x (25+0.45x 2.5) _
Ly, =40+ 45+ 6.28x3.625 L,=125-17.6
L, =85+22.765 L, =107.4mm
L, =107.765.mm 1
- s aDg0Ls olaes o 22045625 2068125 25085 2169125 (22845625)
. g .
3 =
. c o o O
o | olole | o = S ©
; ‘ ‘ : o
o 3
: ‘ ‘ - - D e o O @ | =
!
8- e e e @ . - 7 .
g N ' - [ ¢
e & < ] iy =,
I Q* feJ ' . . .
; ‘ ‘ - D @ o -
PD- b @ & o
B 10 25591257 363825 25591252 a0
10 2549175 36,3825 5591252 al0] 107,765
107,765

Fig. 13. The drawing of sample no. 10
(Q Support)

The drawing of sample no. 11 image 25-3-Q
(Fig. 14) was calculated on neutral fiber according to
the bending coefficient Kez = -4.4 mm / bending at a
90-degree angle.

Fig. 14. The drawing of sample no. 11
(Q Support)

The drawing of sample no. 12 image 25-4-Q
(Fig. 15) was calculated by the software of the
bending machine with CN.
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Fig. 15. The drawing of sample no. 12
(Q Support)

The final data was centralized in Table 1. There
are differences between the drawings and these
differences increase gradually, depending on the

complexity and the number of the bent component

[6].

2.2. Measuring the benchmarks of the
samples after stamping

The samples cut using the stamping machine
TruPunch 3000R (table 2) were measured using the
digital calipers Mitutoyo that has a precision of £ 0.01
mm. The stamping precision according to the
specifications of the machine TruPunch 3000R is +
0.1mm. From every type of sample five pieces were
executed.

2.3. Bending semi-manufactured materials

The bends of the stamped samples were done
through the bending process. The company where the
research was made had an important processing
center equipped with numerical controlled machines
and the necessary tools and devices. The resulted
benchmarks, consistent with the execution image,
depend on the user’s experience and professionalism.

Table 1. The drawings calculated using the four methods

The drawing The drawin The drawing The drawing
Sample name determined by tests g calculated on neutral | calculated by the
_ calculated on - .
(g=2.5mm) and measurements : fiber with Kegs software of the
neutral fiber - . .
Kai coefficient bending machine
Sample no. 1+4 - L 45.52 mm 45.69125 mm 45.6 mm 45.52 mm
support
Sample no. 5:8 - U 71.04 mm 71.3825 mm 71.2 mm 71.04 mm
support
Sample no. 9+12 - Q 107.08 mm 107.765 mm 107.4 mm 107.09 mm
support
Table 2. The drawings calculated using the four methods
Nominal Sample Sample Sample Sample Sample
Sample Image benchmark no. 1 no. 2 no. 3 no. 4 no. 5
(mm) (mm) (mm) (mm) (mm) (mm)
Sample no. 1 | 25-1-L 45.52 4553 45.58 4553 4554 45.54
Sample no. 2 | 25-2-L 45.69125 4571 45.7 4571 4571 45.7
Sample no. 3 | 25-3-L 45.6 45.61 45.62 45.63 45.61 45.63
Sample no. 4 | 25-4-L 45.52 45.52 45.57 4557 45.56 45.53
Sample no.5 | 25-1-U 71.04 71.05 71.03 71.09 71.01 71.05
Sample no. 6 | 25-2-U 71.3825 7131 71.38 71.38 713 71.3
Sample no. 7 | 25-3-U 71.2 71.2 71.16 71.16 71.16 71.16
Sample no. 8 | 25-4-U 71.04 71.05 71.03 71.09 71.01 71.05
Sample no. 9 | 25-1-Q 107.08 106.98 107.09 107.08 107.11 107.09
Sample no. 10 | 25-2-Q 107.765 107.7 107.76 107.79 107.78 107.75
Sample no. 11 | 25-3-Q 107.4 107.36 107.4 107.4 107.42 107.34
Sample no. 12 | 25-4-Q 109.09 107.02 107.1 107.1 107.1 107.07
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The fields of elastic and plastic deformation are
a product of bending. The plastic and elastic
deformation of the semi-manufactured material is
produced only in the area near the bending line [7].
The tools used for the bending process were chosen
according to the type of material, the thickness of the
metal sheet and the configuration of the component,
which positively influenced the quality and precision
of the execution. For the calculation of the drawing
was taken into consideration the type of punch and

die used. A punch with R = 2 mm and a die with an
opening V = 16 mm [9] were selected. The bending
was done freely without calibration. The sequence of
the bending operations used to create the benchmark
“L Support” is described in Fig. 16.

The components created were measured and the
data was centralized in Table 4. The deviations and
the nominal benchmarks were also calculated in order
to choose the most optimal option. The limits for the
linear deviations are according to Table 3.

Fig. 16. Bending samples no. 1, 2, 3, 4

Table 3. Maximum deviations to linear dimensions except for countersinks

. Benchmark 0.5 Benchmark 3mm | Benchmark 6 mm Benchmark 30
Execution
mm up to 3 mm up to 6 mm up to 30 mm mm up to 120 mm
Smooth +0.05 +0.05 +0.1 +0.15
Medium +0.1 +0.1 +0.2 +0.3
Rough +0.2 +0.3 +0.5 +0.8
Coarse - +0.5 +1 +1.5

Table 4. Deviations from the nominal benchmarks of sample 1, 2, 3, 4

L Support | Component no.1 | Component no.2 | Component no.3 | Component no.4 | Component no.5
(mm) (mm) (mm) (mm) (mm)
Nominal
benchmark 20 30 20 30 20 30 20 20 30
(mm)
Sﬁg‘pl'e 19.86 | 30.19 | 20.04 | 3007 | 1986 | 305 | 19.98 | 30.10 | 19.79 | 30.2
Deviations from the nominal benchmarks (mm)
-0.14 | +0.19 | +0.04 | +0.07 | -0.14 +0.5 -0.02 | +0.20 | -0.21 | +0.20
Ss(r)npzle 19.93 | 30.35 | 19.89 | 30.33 | 19.86 | 30.42 | 19.93 | 30.34 | 19.89 | 30.34
Deviations from the nominal benchmarks (mm)
-0.07 +0.35 | -0.11 | +0.33 | -0.14 | +0.42 | -0.07 | +0.34 | -0.11 | +0.34
Sr"’]‘g“%'e 19.92 | 30.27 | 19.86 | 30.31 | 19.80 | 30.42 | 19.88 | 30.30 | 19.93 | 30.30
Deviations from the nominal benchmarks (mm)
-0.08 | +0.27 | -0.14 | +0.31 ]| -0.20 | +0.42 | -0.12 | +0.30 | -0.07 | +0.30
Ssgwpzle 19.88 | 30.22 | 19.93 | 30.19 | 19.96 | 30.16 | 19.94 | 30.20 | 19.97 | 30.19
Deviations from the nominal benchmarks (mm)
[ -012 [ +0.22 | -0.07 | +0.19 | -0.04 | +0.16 | -0.06 | +0.20 | -0.03 | +0.19
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For type “U Support” reference points, the  centralized in Table 5. Fig. 17 describes the bending
benchmarks after the bending process and the  operations.
deviations from the nominal benchmarks were

Table 5. Deviations at nominal benchmarks for samples 5, 6, 7, 8

Piece no. 1 Piece no. 2 Piece no. 3 Piece no. 4 Piece no. 5
U Support
(mm) (mm) (mm) (mm) (mm)
Nominal
benchmark 20| 40 | 20 | 20 | 40 | 20 | 20 | 40 | 20 | 20 | 40 | 20 |20 |40 |20
(mm)
N~ N~ [ee] <t L0 [e0) Ln o o N Lo — o o [ee]
sampleno.5| S| S| S| &1 21 2] 21 S S 21 81 2 2Y9 @
p . o S o o S o o S o o o s | sl sl &
— <t — — <t — — <t — — <t AN — <t —
Deviations
from the ~ o o Lo —
inal Q — S =t ™ S 3 N S 3 N o | 81 & &
nomina S o o =) o =) o o o o oo oo o o o
benchmarks ' + ' ' + ' ' + ' ' A IR I I
(mm)
(92) Lo o N~ — o [ee] Ln M~ N o Lo (o)) [Te) (o))
samoleno.6| 2| S| @ @ =2 2| 2| 2| 2| | 2| 2| | =| @
p . o oS o o o o o o o o - o ol sl &
— <t — — < (V] — < N — <t — — < —
Deviations
from the 7o) — o ~
| S el sl al 2] o gl 8 58] o] 8 3es
nomina S o S o o o (=) o o + ol ol 9] o
benchmarks ' + ' ' + ' A ' ' N S
(mm)
o) ) o) [Te) [ 0 © © © N TS} ITe) o~
sampleno. 7|l 21 @ 2] 2| 8| o] 2| @ o 2| @ 2| 2| «|
p . o S o o o 3% o o N o o o sl sl o
— < — — < — < — < — — < ~
Deviations
from the ™ o © ©
inal sl ol 3l 8]l & ofl 8 @2 ol & 2| 8| 8] & &
nomina o o o o =) o o o o o o o o
T + T T T + 1 + ' T + +
benchmarks F
(mm)
2} ™ N~ o) © To) — — ™ o © [ee} < < | ~
Samole no. 8 © o) (o6} o To) o o o) o o2} 0 ® S| vw| o
amp . o oS o o oS o S oS o o oS ol sl sl &
— <t — — <t — N <t — — <t — N < —
Deviations
from the ™ © — — ©
inal sl ol S| 8| o] 8| 2| =] 5] 8] =] 8] | 3| Q
nominal S o S o o o o o o o o o o o o
benchmarks ' + ' ' + ' . ' ' + N R B
(mm)

Fig. 17. Bending samples no. 5, 6, 7, 8

The benchmarks obtained after bending the  Table 6. The sequence of the bending operations is
reference points type “Q Support” were centralized in ~ described in Fig. 18.
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Table 6. Deviations at nominal benchmarks for samples 9, 10, 11, 12
Devia- Devia- Devia- Devia-
tions tions tions tions
from the from the from the from the
Q Support Sample nominal Sample nominal Sample nominal Sample nominal
no. 9 no. 10 no. 11 no. 12
bench- bench- bench- bench-
marks marks marks marks
(mm) (mm) (mm) (mm)
. « 25 24.80 -0.20 24.92 -0.08 24.82 -0.18 24.94 -0.06
8‘ Tg E 25 25.02 +0.02 24.97 -0.03 24.93 -0.07 25.14 +0.14
g 5_5 25 24.96 -0.04 25.67 +0.67 25.56 +0.56 24.96 -0.04
.&’ gé 25 25.17 +0.17 25.08 +0.08 24.87 -0.13 25.00 0.00
25 24.95 -0.05 24.92 -0.08 24.85 -0.15 24.95 -0.05
N 25 24.98 -0.02 24.94 -0.06 24.79 -0.21 24.86 -0.14
8’ E E 25 25.11 +0.11 24.93 -0.07 25.05 +0.05 25.19 +0.19
@ g.g 25 25.05 +0.05 25.86 +0.86 25.63 +0.63 25.28 +0.28
.&) Zé 25 25.11 +0.11 25.04 +0.04 24.92 -0.08 25.02 +0.02
25 24.89 -0.11 24.98 -0.02 24.81 -0.19 24.90 -0.10
o _ x 25 24.96 -0.04 24.95 -0.05 24.88 -0.12 24.88 -0.12
8’ E g 25 25.04 +0.04 25.08 +0.08 24.98 -0.02 25.10 +0.10
@ g.g 25 24.98 -0.02 25.90 +0.90 25.65 +0.65 25.12 +0.12
.&) Zé 25 24.98 -0.02 24.87 -0.13 24.88 -0.12 25.11 +0.11
25 24.90 -0.10 24.93 -0.07 24.88 -0.12 24.90 -0.10
< _ x 25 24.97 -0.03 24.91 -0.09 24.92 -0.08 24.91 -0.09
8’ E g 25 25.13 +0.13 25.55 +0.55 24.89 -0.11 25.07 +0.07
@ g_s 25 24.75 -0.25 25.96 -0.96 25.49 +0.49 25.17 +0.17
.&) Zé 25 25.11 +0.11 25.12 +0.12 25.09 +0.09 25.07 +0.07
25 25.04 +0.04 24.91 -0.09 24.88 -0.12 24.89 -0.11
ol _ x 25 25.19 +0.19 24.92 -0.08 24.90 -0.10 24.89 -0.11
8‘ E E 25 25.34 +0.34 25.13 +0.13 25.10 +0.10 25.04 +0.04
g gg 25 24.12 -0.88 25.18 +0.18 25.42 +0.42 25.33 +0.33
&’ ZE 25 25.3 +0.30 25.10 +0.10 25.10 +0.10 25.01 +0.01
25 25.14 +0.14 25.06 +0.06 24.92 -0.08 24.81 -0.19
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Fig. 18. Bending samples no. 9, 10, 11, 12

3. Conclusion

1. From the analysis and the comparison of the
results obtained, it may be concluded that the
dimensions of the stamped samples are between the
accepted limits of the stamping machine tolerance
TruPunch 3000.

2. The deviations from the nominal benchmarks
are caused by the vibrations that occur during the
stamping process, but also by the tools used during
this process.

3. The stamping machine TruPunch 3000R is
extremely capable and very productive, the transfer
speed on axis Ox is 90 m/min and on axis Qy is 60
m/min [10]. The vibrations that occur during the
stamping process are inevitable, but the usage of the
tools also influences the quality in execution of the
components.

4. The high speed in changing the tools, the
movement route of the index on high routes, (the
metal sheet has the surface of 1500 x 3000 mm?) and
the forces created during the stamping process that
can reach up to 20 KN are factors that produce
vibrations even if the machine is strongly constructed
[10].

5. A negative influence in the execution of
components using the stamping machine is the

uneven appearance of the surfaces of the metal sheets
due to lamination, as this has an uneven thickness.

6. After the samples were bent, the deviations
from the nominal benchmarks were significant. We
suggest determining the optimal bending coefficient
by using an algorithm, which is the subject of another
essay.
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ANALYSIS OF FACTORS WITH CONSIDERABLE ACTION ON
RECYCLING WEEE FOCUSED ON METALS RECOVERY

Anisoara CIOCAN
“Dunarea de Jos” University of Galati
e-mail: aciocan@ugal.ro

ABSTRACT

From an economic point of view, the driving force of rapid technological
development of WEEE recycling solutions is the recovery of valuable metals, until
not long ago just on copper and gold. Nowadays many other metals have become
the target of WEEE recycling. From this point of view, the importance of WEEE
recycling results from the analysis of factors with considerable action on this
process. This paper highlights the necessity of WEEE recycling by analyzing the
following key issues regarding the recovery of valuable metals. The study was
mainly focused on the following aspects: electronic waste is a significant source of
base and precious metals, and also of scarce metals; many of the metals which are
essential in the manufacture of EEE; the availability of metals necessary in the
production of EEE constantly decreases; supply shortages for many elements
obtained from natural resources; worldwide ore reserves are limited and unequally
distributed; in the world, the production of essential metals in the construction of a
mobile phone is dominated by a few companies; the extraction of many metals in a
ore deposit is co-dependent on other factors.

KEYWORDS: WEEE, recycling, valuable metals, recovery, economic factors

1. Introduction performing and multifunctional devices. The
electronic industry has been steadily developing and
The rapid progress of electronics and growing both in market size, as well as in models and
telecommunications industry over the past few years  suppliers of devices. The smartphone can be given as
has focused on meeting the increasingly demanding ~ example (Figure 1) [1].
requirements of consumers across the world for
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2009 2010 2011 2012 2013 2014 2015 2016 2017 2018" 2019 20200 2021

Fig. 1. Global smartphone shipments, forecasted from 2010 to 2021 (in million units). Observation:
The statistic depicts the forecast total unit shipments of smartphones worldwide from 2009 to 2016
with data forecasted for 2017 to 2021 [1]
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This evolution has led to a very high growth in
both the number of metals needed to produce
increasingly complex devices and the number of
devices that meet market requirements (Figure 2 and

Figure 3).

Technological  innovation and intensive
marketing forced the acceleration of the EEE
replacement process. These aspects, correlated with
the quantity of EEE on the market and the evolution
of equipment life, have led to a huge increase in the
amount of generated waste (Table 1).

base metals

precious metals

special metals

—  regulated metals/
~  substances

10 100 1000 10000 100000 1000000
Cantitatea de metal, in mg/kg

Fig. 3. Evaluation of datasets on the content of printed circuit boards 1995-2013 [3]

Table 1. Total quantity of generated electronic waste [4]

Year E-waste generated Population (billion)
(Mt)
2010 33.8 6.8
2011 35.8 6.9
2012 37.8 6.9
2013 39.8 7.0
2014 41.8 7.1
2015 43.8 7.2
2016 45.7 7.3
2017 47.8 7.4
2018 49.8 7.4
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The electronic waste becomes a valuable
resource of metals, especially for those that are
precious and scarce [5-7].

WEEE are an excellent resource for metals
because they contain many rare and very valuable
elements from the periodic table. As a result, these
are considered as "urban mining deposits". The
literature notes that WEEE have valuable metals in
higher concentration than ores, even though over the
years, manufacturers have gradually reduced the
content of these metals to reduce the cost of the
equipment. So, the gold content in WEEE is greater
than 4 to 80 times and also, the copper content is 30
to 40 times higher in relation to their concentration in
natural resources. As example the gold: content in
ores is ~5 g/t Au; content in WEEE is 200-250g/t Au
in PC circuit boards, 300-350 g/t Au in cell phones
and respectively 2000 g/t PGM in automotive
catalysts [2].

2. Highlight and discussion of factors
important for WEEE recycling

The recycling of end-of-life devices must be
analyzed from an economic and environmental
perspective. The disposal of WEEE in landfills
essentially impedes to reintroduce the metals from
their composition in the production cycle of new
products. Lost metals must be replaced by those
extracted from ores, and thus natural resources in the
earth's crust would be quickly exhausted. Moreover,
the operations specific to primary mining and
extractive metallurgy are accompanied by significant
consumption of material and energy resources and by
damage to the environment [7]. Consequently, at end-
of-life the EEEs need to be collected and introduced
into environmentally sound recycling streams where
technologies with maximal recovery efficiency are
applied.

The importance of recycling WEEE for metal
recovery is highlighted by the analysis of factors with
significant action on the process. The key factors of
WEEE recycling related to metal recovery are the
following:

- importance of metals for electronic industry;

- availability and security of the metal supply;

- existence and availability of substitutes for the
considered metal;

- consequences of deficit for certain metals;

- strategic importance of the application in
which metal is used;

- impact of recycling on the environment;

- benefits of DEEE recycling.

For electronic industry, the increasing demand
for metals can be assessed as high or moderate. The
supply risks must be evaluated in relation to the
regional concentration of mining operations.

Moreover, the deficit must be assessed by comparing
data on resource, production and demand. The
restrictions for recycling are assessed by the nature of
requests. The metals are necessary in many devices
but in low quantity. As a result, the metals are
dissipated in more types of devices. There are
physical or chemical limitations on recycling. Many
countries do not have adequate technologies and/or
recycling infrastructure because they do not have
financial incentives for these operations.

Electronic wastes, in particular printed circuit
boards, are significant source of base and precious
metals, and also of scarce metals. In agreement,
United Nations Environment Program - UNEP, U.S.
Congress, U.S. Department of Defense, Resource
Efficiency Knowledge Transfer Network of the
United Kingdom, German Environmental Agency
have named many of the important elements for EEE
manufacture as strategic, rare, special or critical
metals [8]. This characterization is based on the
economic, social and political importance of metals
and the applications in which they are used.
Furthermore, according to these criteria, metals from
EEE can be arranged in a series in relation to
themselves. This allows for the prioritization of
metals that must be recovered from electronic waste.
In agreement with UNEP’s strategy regarding
resource efficiency / sustainable consumption and
production, the list of critical metals in EEE includes:
indium (In), germanium (Ge), tantalum (Ta),
magnesium (Mg), niobium (Nb) and tungsten; PGM
or platinum group metals, such as ruthenium (Ru),
platinum (Pt) and palladium (Pd)], tellurium (Te),
cobalt (Co), lithium (Li), gallium (Ga) and RE (rare
earths) [9]. In the case of mobile phones, antimony,
beryllium, palladium, indium and platinum especially
must be considered [6].

In high-performance electronic equipments, the
metals named critical perform essential functions. For
these metals, there are few replacement materials or
these have not been found yet to meet the
requirements. For example, palladium or platinum
have no substitution alternatives and their huge
dispersion in various products makes recovery much
expensive and difficult. The possibility of supplying
these metals can sometimes be limited. This leads to
significantly higher prices and also to difficulties to
ensure the amount necessary for current production,
with negative economic and social consequences
[10]. By common agreement, the countries members
EU, Japan and USA have considered that the supply
of some of these metals would be endangered in the
very near future [8]. A study made by the Oko-
Institut for UNEP about the situation of critical
metals used in the EEE industry pointed out that
tellurium, indium and gallium are the most
problematic elements in the short term (the prospect
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for the next five years); on a medium-term  new equipment used in emerging technologies has a
perspective, rare earth elements, lithium, tantalum,  relatively large proportion (Table 3).

palladium, platinum and ruthenium are crucial; on

long term, by 2050, germanium and cobalt will come »
to be critical (Figure 4) [8, 9].

The majority of important reserves of ores (with
sufficient concentration of the element of interest
from which are produced the metals necessary for the
EEE industry) have been intensively exploited and as
a result their availability in nature is constantly
decreasing (Table 2). As example, in Figure 5 is
shown the situation of gold from primary mining. The
depletion of mineral resources requires the extraction
of metals from poor ores. In this situation, even with 1
performing technologies, the energy consumption is
higher and the pollutants are emitted in larger o
quantitiesl 1835 1850 1870 1890 1910 1930 1950 1970 1990 2010

The quantity of metals that can be ensured from Year
natural resources is limited. Electronics industry hasa ~ Fig. 5. Evolution of gold ores in the period 1830
significant impact on metal demand. The total amount - 2010 [8]
of metals with important role in the construction of

South Africa

Gold ore grade, [g/t Au]

Canada

Importance to clean energy Importance to clean energy

Short Term [0-5 years) Medium Term [5-15 years]

ritical

4

Iheighl Near Critical %~Critical (heighl Mear Critical

ot Critical

1 llow] 2 a 4 [high]

1 (low) 2 3 4 [high]

Fig. 4. Critical levels of some elements, according to U.S. Department of Energy for 2010 [8]

Table 2. Availability of rare and expensive metals from natural resources (if the consumption and the
production of critical metals is maintained at current rate) [11]

Number of years left Elements
Cr, Al, P, Se, Pt, Ta, earth metals (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
100-1000
Yb, Lu)
50-100 Ni, Cu, Cd, TI, U
5-50 Zn, Ge, Ga, As, Rh, Ag, In, Sn, Sb, Hf, Au

-65-



o

Ja
V'
a0 s>

&
[z L)

\Z,
\Metallorayand Material Sienceg
A issN 1453 - 083K &

2 o

THE ANNALS OF “DUNAREA DE JOS” UNIVERSITY OF GALATI
FASCICLE IX. METALLURGY AND MATERIALS SCIENCE
) N°. 1-2017, ISSN 1453-083X

Table 3. Global demand for metals used for manufacturing EEE and the quantity produced [12]

World mine production*, Demand related to mine
Element [tons/g/ear] Demand for EEE*, [tons/year] production, [%]
Ag 20,000 6,000 30
Au 2,500 250 10
Pd 215 32 15
Pt 220 13 6
Ru 30 6 20
Cu 16,000,000 4,500,000 28
Sn 275,000 90,000 33
Sh 130,000 65,000 50
Co 58,000 11,000 19
Bi 5,600 900 16
Se 1,400 240 17
In 480 380 79

*rounded guantities. Source: USGS Mineral commodity summaries 2007

The depletion of raw material reserves coupled
with the increased demand of technological metals
makes predictable the supply deficit for many
elements (Table 4) [12]. For example, by estimation,
the abundance of indium in the Earth's crust is
evaluated only at 0.24 ppm. For this vital element for
LCD screens, solar cells and semiconductors, the
natural resources can be estimated to disappear in
about 13 years [8].

Over the years, the worsening of the deficit in
accordance with the accelerated growth of metals
demand has reflected indirectly on their price (Figure
6).

On the other hand, the availability of critical
metals is influenced by how ores deposits are
geographically distributed. In the world, the regions
where ore resources are concentrated are non-
uniformly distributed (Figure 7). For four metals,
important in electronic industry, the situation is as
follows: 89% of antimony production is located in
China; 89% of beryllium production is located in the
United States; 44% of palladium production is
established in Russia; 75% of platinum is produced in
South Africa along with a significant supply of
palladium [13].

Table 4. Estimates of the demand for various scarce and valuable technological metals and their
compounds used in emerging (sustainable) technologies [12]

N~ ETRD*, [t] Indicator**
Element Production?, [t] 2006 2030 2006 2030
Gallium 1529 28 603 0.18Y 3.97Y
Indium 581 234 1,911 0.40Y 3.290
Germanium 100 28 220 0.28Y 2.209
Neodymium®) 16,800 4,000 27,900 0.23Y 1.66Y
Platinum? 255 Very little 345 0 1.35
Tantalum 1,384 551 1,410 0.40Y 1.029
Silver 19,051 5,342 15,823 0.28Y 0.83Y
Cobalt 62,279 12,820 26,860 0.219 0.43Y
Palladium?” 267 23 77 0.099 0.29Y
Titanium 7,211,000% 15,397 58,148 0.08 0.29
Copper 15,093.00 1,410,000 3,696,070 0.09 0.24
Ruthenium 29% 0 1 0 0.03
Niobium 44,531 288 1,410 0.01 0.03
Antimony 172,223 28 71 <0.01 <0.01
Chromium 19,825,713? 11,250 41,900 <0.01 <0.01

*ETRD = Emerging Technologies Raw Material Demand;
**Example of calculation for Ga: Indicator 2006 = 28/152 = 0.18; Indicator 2030 = 603/152 = 3.97.

DData updated by the BGR based on new information ?chromite; ®concentrate from ore; “consumption;

Sestimates of global production in China and Russia; ®rare earth elements; “platinum group metals
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Fig. 6. Variation of price for some metals over the years [12]

The mineral reserves are dynamic, being
strongly influenced by technical, economic and
political realities. The global resources for some
metals and the countries with dominant reserves are
given in Table 5.

In addition, with the concentration of natural
reserves in certain geographic regions, the availability
and security of some metal supplies are conditioned
also by an essential aspect. In the world the
production of metal is dominated by a few companies
(Table 6). Consequently, both supply and price may,
in certain circumstances, depend on their behavior.

Fig. 7. Regions with dominant production of
primary metals used in mobile phones
manufacturing [14]

Table 5. World reserves of antimony, beryllium, palladium and platinum [15]

Critical metal Global reserves in Country with dominant reserves
the world, [ktons] Number 1 Number 2
Antimony 2,100 China (87%) Bolivia (3%)
Beryllium 80 USA (81%) China (11%)
Palladium* 100 Russia (45%) South Africa (39%)
Platinum* - South Africa (77%) Russia (11%)

*World reserves of Pt and Pd combined with rare earth metals

Table 6. Companies controlling the production of some metals important for electronic industry [15]

Metals in mobile | Share of world Country Mining company, (mine)
phones production '
Critical metals
Antimony 82-87% China Hsikwangshan Twinkling Star (Hsikwangshan)
Beryllium 81-90% USA Brush Wellman (Delta)
Palladium 45-65% Russia Norilsk (Norilsk)
Platinum 77-80% South Africa Amplants-Implats-Lonnin (Bushveld)
Other metals
_— . Sociedad Quimica y Minera de Chile SA-
Lithium 60-80% Chile Soquimich (Salar d’ Atacama)
_ . Companhia Brasileira de Metallurgia e mineragao
Niobium 90% Brazil P CBMM (Araxa) g ¢
Rare earth metals 85-95% China Baotou Iron and Steel Company (Bayan Obo)
Tantalum 60-70% Australia Sons of Gwalia (Woogina)
Tungsten 75-84% China Jianxi Tungsten (Minnetals)
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Many of the metals, indispensable to the
production of EEE, are usually required in very small
quantities in an electronic device. But, overall, the
huge number of EEE products requires high quantity
of these metals. Approximately 80% (or even more)
of the cumulative primary production of several
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REE = Rare Earth Elements
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|

technological metals (Ru, Rh, Pd, Os, Ir, Pt, Ga, In or
rare earth elements) has been requested in a relatively
recent period, being extracted intensively after 1980
[2, 16]. This must be correlated with a period of great
progress in electronic industry (Figure 8).

Pt Ta Li Se Ni Co Ge Cu Bi Ag Au

Fig. 8. Mine production of technological metals: comparison between periods 1900-1980
and 1980-2010 [17]

From the metallurgical point of view, the
extraction of many metals in a deposit is often co-
dependent on others that are economically viable for
exploitation [14]. For a polymetallic ore, the
interdependence between minor metals with base
metals that coexist in the same ore is explained by the
tool called “Metal Wheel”. This is a graph which
illustrates the complex interactions between metals
and when it is possible to recover some critical metals
from an economic and thermodynamic point of view
from other ores [15]. For example, the production of
zinc and lead is associated with obtaining gold and
silver. Moreover, other metals important for
electronics industry, like indium, cobalt or
germanium, result from secondary streams of the
metallurgical process for obtaining base metals.
Antimony can be obtained directly from its minerals,
but also as a secondary metal at the extraction of
copper, lead or silver. Platinum and palladium are
rarely extracted from native ores that predominantly
contain platinum group elements. These are generally
together in some ores and are often associated in ores
with copper, silver or nickel and obtained as
secondary metals in nonferrous metals industry.

These co-dependencies make the production of
minor metals sensitive to the factors that have
influence on the base metals. The non-intended
decisions referred to the production of common
metals may have consequences on minor metals. This
situation is specific to critical metals used in
electronic industry. For example, the EU legislation
restricts the use of hazardous substances in electrical

and electronic  equipment (RoHS Directive
2002/95/EC). For compliance with legislation, the
lead alloys have been substituted by safer alternatives.
The diminishing of lead production by mining has
negative effects on the supply of other metals
necessary in electronics industry [15].

3. Conclusion

The electronic devices contain a complex of
metals: precious metals (Ag, Au, Pd), base metals and
special metals (Cu, Ni, Co, Sn, Al, Fe, Ti, Ta, Bi),
metals of concern (Be, Pb, Cd, As, Sb, Cr, In etc.).
Recycling is a significant source for the supply of
many of the metals and provides numerous benefits
such as: resource conservation, energy savings,
reduced volumes of waste, reduced emissions
associated with primary materials production. In the
past years, the WEEE recycling industry had a simple
objective: recovery of copper and gold. Today the
sustainable recycling is focused on recovering rare or
special metals for electronic industry. A
comprehensive analysis of the metals from EEE
devices made possible the identification of factors
with considerable action on recycling WEEE focused
on valuable metals recovering. Using data collected
from literature, were identified the opportunities and
barriers regarding the importance of metals from
electronic products. The result of the analyses
highlights the metals which should be recovered from
WEEE by recycling based on the following
indicators: availability and security of the metal
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resources; existence of substitutes for the considered
metal; consequences of deficit for certain metals;
geographical distribution of resources and of
important companies for their production.
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