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FROM THE EDITOR

MULTITUDE OF PROBLEMS AND DIFFICULTIES

Jerzy LUNARSKI

The unexpected attack of a viral epidemic resulted
in a crisis situation much more serious than any former
economic, social, political or other postwar crises.

Coming through this situation is particularly difficult
for small and medium enterprises (SME) as well as for
various organisations, institutions and individual entities.
In the present situation various problems, both known
and new, which need to be dealt with appear. In the
past practice of the civilizational development lots of
effective procedures and methods that facilitate solving
problems or at least reduce their negative impact were
worked out. In order to remind these methods, a general
algorithm of a recommended procedure, in which some
steps may be omitted depending on particular conditions,
understanding of the problem and available resources for
its solution were presented here. These are as follows:
1. Problem identification that is based on defining its

name, revealing its quality and quantity features,

assigning it to a particular knowledge domain.

2. Problem situation identification that is based
on defining the significance of a problem for an
organization (priority of procedure), pre-problem
situation, limitations caused by the problem and
the possibilities of its solving as well as the criteria
according to which the revitalization activities should
be assessed, and the indications of the detailed tasks
that should be undertaken.

3. Problem analysis during which the methods and
techniques that will help to solve this problem
should be chosen; a rational plan of action should
be developed and the concepts of possible variants
should be formulated in order to solve the problem.

4. Variant choice, possibly the most beneficial for an
organization, based on a preliminary comparison of:
— The possibilities of its realization in a specific

situation, the present limitations and the adopted
criteria of assessment,

— The economic effectiveness including available
resources, possible to allocate for solving the
problem,

— The availability of the required personnel,
infrastructure and possible external support.

Such comparison should result in the choice of
a variant most beneficial for an organisation.

5. Detailed project of a chosen variant of action,
including the performance of necessary engineering
analyses, calculations and other procedures
amending the solution to the needs of an organization
and the limitations, the development of detailed plans
and schedules of realization as well as the indication
of the resources possible to use. The project should
be assessed according to the adopted criteria, and if
possible, it should be improved (e.g. with verification,
FMEA analysis, risks assessment, etc.) before starting
its realization.

6. Implementation of the developed project enabling
the problem solution, the results control and their
assessment according to the established criteria,
and in case of unsatisfactory results, the introduction
of the proper modifications of the project in order to
obtain the desired results.

Each step of the above mentioned procedure requires
the engagement of knowledge, resource-fulness and
innovation of the people or teams appointed to solve the
problem. The situation becomes complicated when a lot
of different problems are interdependent, and thus they
should be considered comprehensively. In the practice of
organization’s operation a number of different approaches
are used. The examples of some, characterized by well-
known acronyms, are among others:

— PDCA - Plan-Do-Check-Act,

— DMAIC - Define, Measure, Analyze, Improve and
Control of the obtained results,

— SMART (goal designation) — Specific, Measur-able,
Achievable, Relevant, Time-bound,

— CIMDO - Consistent Information Multivariate Density
Optimizing, and other.

In conclusion, it should be underlined that ,good
advice" is useless without too much engagement,
knowledge, initiative and hard-work of the committed
personnel who need to solve these problems.

TiAM editors wish its readers good luck in solving the
accumulated problems.
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HIERARCHICAL METHOD OF RESCHEDULING FOR ASSEMBLY LINES
WITH INTERMEDIATE BUFFERS

Hierarchiczna metoda reharmonogramowania montazu w liniach montazowych
z buforami miedzyoperacyjnymi

Marek MAGIERA ORCID 0000-0002-9026-4020 DOI: 10.15199/160.2020.2.1

Abstract: Amethod of scheduling assembly in flexible assembly lines without parallel machines is presented. The method
applies to lines fitted with intermediate buffers with limited capacities. The developed method is distinguished by the possibility of
rescheduling. This is very significant in the case of a need to provide for new, urgent orders, as well as machine failures. The first
level of the method concerns balancing the load of the assembly machines. Starting times of individual operations are determined
at the second level of the method. Integer programming was used to solve the tasks allocated to both levels of the method. The
results of computational experiments regarding the method are described.

Key word s: scheduling, optimization, assembly routes, integer programming, heuristic

Streszczenie: Zaprezentowano metode budowy harmonograméw montazu w elastycznych liniach montazowych
bez maszyn réwnolegtych. Metoda dotyczy linii wyposazonych w bufory migdzyoperacyjne o ograniczonych pojemnosciach.
Opracowang metode wyréznia mozliwo$¢ reharmonogramowania. Ma to duze znaczenie w przypadku koniecznosci uwz-
glednienia nowych, pilnych zlecen, a takze awarii maszyn. Pierwszy poziom metody dotyczy rbwnowazenia obcigzen maszyn
montazowych. Wyznaczenie czaséw rozpoczecia wykonywania poszczegoélnych operacji dokonywane jest na poziomie drugim
metody. Do rozwigzania zadan przyporzadkowanych obu poziomom metody zastosowano programowanie catko-witoliczbowe.
Zamieszczono wyniki eksperymentéw obliczeniowych dotyczacych metody.

Stowa kluczowe: harmonogramowanie, optymalizacja, marszruty montazu, programowanie catkowitoliczbowe, heurystyka

Introduction - the reasons for construction of the method

Variable conditions of the assembly process often
disturb performance of the designated assembly
schedule. Malfunctions of the assembly machines and the
resulting limited availability of the machines often cause
inability to assemble the products in accordance with the
original schedule. In such a case, it is recommended to
rebuild the assembly schedule, taking into account the
limited availability of the assembly machines. This action
is referred to as rescheduling.

Another reason for rescheduling is to take into account
new, urgent orders for product assembly. This gives
a competitive advantage, as new orders can be completed
in a relatively short time. Rescheduling can also be the
result of modified requirements of the customers [7]. The
reasons for rescheduling and the associated issues are
described in detail in papers [3] and [14].

The aforesaid technical (limited machine availability)
and economic (ability to complete the new orders
in a short time) aspects are the cause of creating the
assembly rescheduling method, described further on.

It should be emphasized that each rescheduling
is a specific type of scheduling. Assembly scheduling

4

consists in assignment of assembly operations to the
machines and determining the starting times for these
actions [8]. In the case of the developed method, it is
possible to retain a part of the original schedule, and
rescheduling is only performed for certain products.

The rescheduling method concerns simultaneous
assembly of numerous products of different types.
This involves the need to take into account numerous
parameters and variables, which affects the computational
complexity and duration of the computations related
to the creation of a new schedule. The issues related
to processing of large amounts of data are broadly
discussed in study [12]. In order to reduce the size of
the problems to be solved, the hierarchical concept was
applied. The developed method is two-level. At the first
level, operations are assigned to the machines; the
second level is about separating the operations in time.
An alternative concept is the monolithic approach, where
both tasks are solved simultaneously. The advantages
and disadvantages of both concepts are described in the
study [12].

The literature covering the issues of task scheduling
for production flow systems is very rich. The papers [10]
and [15] are dedicated to the description of the review of
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the used methods. The authors of the paper [10] have
classified these methods. They have presented monolithic
and hierarchical methods used for determination of
optimum solutions, heuristics, and hybrid approaches. The
classification of the methods used for task scheduling for
multi-stage assembly lines is described in the paper [9].
Creation of presented in the paper mathematical models
concerning the developed method was inspired, e.g., by
the studies: [8], [11], and [13]. These papers show very
good perspectives for using mathematical programming
in assembly planning.

General description of the hierarchical method

The method applies to unidirectional assembly lines
with intermediate buffers of limited capacities. In these
buffers, the products await performance of subsequent
operations only when it is not possible to transport
the product to the next machine, or the next machine
performs operations on another product. An example
of an assembly line setup is shown in Fig. 1. It is an
assembly system without parallel machines.

m1, m2, m2 - assembly machines, V - parts feeder

Fig. 1. Unidirectional assembly line with intermediate buffers

A block diagram of the developed method is shown
in Fig. 2. At the first level, the assembly operations are
assigned to the machines. Some of the operations can
be performed in accordance with the original schedule,
if the decision-maker so chooses. The machine loads
are equivalent. At the second level, operation starting
times are determined for the rescheduled products. The
shortest possible schedules are determined.

Mathematical models
of integer programming:

| Balanci i Hoad |<— M1a - for fixed assembly routes
alancing machine Workloads | ¢ wi1p - for altemative assembly routes
Task assignments

to machines

|« m2

| Assembly task rescheduling

Fig. 2. Block diagram of the two-level method

The rescheduling method includes two types of
assembly routes. In the case of fixed routes, every type of
operation is assigned to exactly one machine. Alternative
assembly routes are characterized by the fact that each
type of operation is assigned to at least one machine.

In order to solve the problems regarding individual
levels, integer programming was applied. Designations
of the constructed linear mathematical models assigned
to individual levels are listed in Fig. 2.

Use of the integer programming made it possible to
computation solutions to optimum partial tasks concerning
the individual levels of the method. Yet, as the hierarchical
concept was applied, the designated schedule may be
encumbered with a deviation from the optimum. The
developed method is classified as heuristic. The issues
concerning heuristics are described, e.g., in studies [4]
and [5]. One of the advantages of the heuristics applied
is the possibility of solving large tasks in a relatively short
time.

The following chapters present the mathematical
description of the developed method, followed by the
results of the computational experiments concerning the
method.

Mathematical description of the hierarchical method

Alist of designations used in the created mathematical
models regarding individual levels of the method can be
found in Tab. 1. Among the parameters and sets listed
in this table, one can distinguish data concerning the
original schedule (e.g. set Z), as well as data describing
the products which require rescheduling.

Table 1. Notation of sets, parameters and variables used in the
mathematical models

Basic sets:
! — the set of assembly machines; [={1, ..., M};
J — the set of types of assembly operations; J ={1, ..., N};
K — the set of types of assembly products; K= {1, ..., W},
/5 — thesetof periods; L={1, ..., H};
Others sets:
I; — the set of the assembly machines capable of performing
operation j;
Ji = the set of assembly operations required for product k, Jx = J;
J° - the set of operations which require using the part feeder,
SO
K' - the set of products which are to be assembly in accordance
with the original schedule, K' = K,
K2  — the set of products which are to be assembly in accordance
with the new schedule, K* c K;
R — the set of three elements (k, r, j), in which operation j= Jx is
performed immediately before operation j= Ji, and k = K%
Z, — the set of three elements (i, k, /), in which product k = K? is

assembly in accordance with the original schedule using the
machine j € / during the period /= L;

Parameters:
aj — working space required for assembly operation j at machine /;
bi — total working space of the assembly machine /;
d; capacity of buffer located before assembly machine j;
¢gi — transport time between assembly machines 7 and /;
ni = 1, if machine /is available during period /, otherwise ni = 0;
Pl - assembly time for assembly of product k € K' loading machine

1

P,gk — assembly time for operation j of product k € K

fi — reserved space of the buffer located before the machine J,
where, during period, /, the product assembled as per the
original schedule will be stored;

Variables declared for the M1a and M1b models:

Xij = 1, if type of assembly operation j is assigned to machine |,
otherwise x; = 0;
ziw = 1, if product k is assigned to machine /i to perform assembly
operation j, otherwise z = 0;
G maximum machine workload;

Variables declared for the M2 model:

Qi = 1, if product k is assigned to machine i in period /, otherwise
Qw = 0;
ywm — capacity of the buffer located before machine i occupied by

product k in period /;
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Level | of the developed method concerns assignment
of operations to the assembly machines. This is done by
solving the task of balancing the machine load, formulated
in the form of integer programming task models. These
models are presented below.

The mathematical models M1 (for fixed routes) and
M2 (for alternative routes)

Minimize: P . M
) ) 2 1 ag

Subject to: Yrer? Xjejy Pinzijk + Lier(1 — ny) + Xgexr Pix < Pnax; 1€ 1 @

Z]’Ej xp=1; 1€] - only for the M1 model; (3)

Yigj¥g 215 1€l - only for the M2 model; (4)

Yjeje@igkiy S by 1€
xij=0; L &€l; JET;
Zig S Xg; CEL JE T K €KY

YierZiyx =1, JE€J; k€EK?

YierZir < YierZig s (k,7,J) ER;

%z € 10,1 LeT; jef; kEK?

The function of the objective (1) concerning models
M1a and M1b represents the workload of the machine
which forms a bottleneck in the assembly system. It is
designated in constraint (2), which takes into account
both the assignment of product operations to the
machines and limited availability of the machines. This
constraint takes into account the products which require
rescheduling, as well as those assembles in accordance
with the original schedule. Constraint (3) applies only to
model M1a and guarantees fixed assembly routes. In
turn, constraint (4) applies to model M1b and enables
alternative assembly routes in the created schedule.
The following constraints guarantee: (5) — verification
of working spaces for individual machines, in order to
arrange the part feeders for individual products; (6)
— elimination of assigning the operations to the wrong
machines; (7) — assignment of operations regarding
individual products to those machines which have the
ability to perform the specific types of operations; (8)
— assignment of all the operations involving rescheduled

(5)

(6)

(7)

(8)

(9)

(10)

products to the machines; (9) — taking into account the

limitations concerning the sequence of the operation and

the one-way flow of the products along the assembly line;
(10) — binarity of the decision variables.

The determined variable values are the input data
for the task solved at the 2" level of the method. These
include the durations of the machines being loaded by the
rescheduled products. They are computed using equation
(11). Machine workloads by products assembled in
accordance with the original schedule are given, provided
for in set Z (table 1).

- 2 3 = :
tic = Xjej, Pir Zijcs LE L k € K? (1)

The 2" level of the method includes scheduling of
the operations concerning products which require a new
schedule. Below is the mathematical model, concerning
the 2" level of the method.

The mathematical model M2

(12)
(13)
(14)

(19)

lqikl_fqikfStik_l'i'(H‘l'l)(l_qikf); i€l; LfeL, I>f; kEK? ()

Minimize: ier Lkek tier Qikt

Subject to: Yaerua =ty i€l KE K?;
g =1 (k1) €Z;
YkekQiki =Ny ; LEL LEL;
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Yier ikt Xierldrki
Lik Lrk

Ziepldixt  Zierldoa  tikttok

Ligtt ; ;
> g kK EK? i€ T<E ty Ly > 0;

(17)

s Gzi= YL Yiki;

ik 225
KEK? Ti€l; T<i tyty >0; Yitg =t + Ly, (18)
i = ZfELtTfqukf ¥ trk;l + gz — (H + DL — yya);
kEK® vick izl el Tels 35 _tay =% +1nt (19)
Zfeii};qu — t”"‘z_l =ilypa =1 RER% LEE €L i»1) ty =0; (20)
YkekYimtra<dy; (€L i>1; LeL; (21)
Qi Vit €{0,1}; i€, k€K; €L (22)

The minimized sum (12) guarantees construction
of the shortest possible assembly schedules.The
constraints regarding linear mathematical model M2
ensure: (13) — allocation of all the operations which
cannot be performed as per the original schedule
between the assembly machines; (14) — assembly
as per original schedule for the assembly products to
which the rescheduling does not apply; (15) — loading
an assembly machine during its availability in a given
period with a maximum of one assembly operation;
(16) — indivisibility of operation performance in time and
space — the operation is assigned to only one machine;
(17) — order of operation performance in an unidirectional
assembly line in accordance with a given assembly
sequence and provision of time required for transport
between machines; (18) — determination of time that
given assembly products spend in the buffers; (19) and
(20) — location of assembly products in appropriate
buffers at a given period, before performing subsequent
assembly operations; (21) — maintenance of the limited
buffer capacities; (22) — binarity of all decision variables.

Computational experiments with the proposed hierarchical
method

The presented method was verified using
computational experiments. The mathematical models
were coded in the AMPL language (A Mathematical
Programming Language) [2], and *.mps files were
generated. Computations were performed using the
GUROBI optimizer [16]. The computational experiments
enabled comparison of schedules including fixed and
flexible assembly routes. Equation (23) defines the index
f, intended to compare the length of the schedules. The
schedule lengths were determined based on equation
(24).

M1ia M2

Mi1ibM2
f _ Cmax

= Cmax
M1b,Mz
Cmax

*100%; (23)

C%’Iax— the length of schedule determined by means of
the the M model.

max Qi (24)

Cine =
MAX e kEKIEL

The computational experiments concerned four
groups of test tasks. For each of these groups, 25 test
examples were solved. The parameters of these task
groups and the average values of the defined f index are
shown in Tab. 2.

Table 2. Parameters of 4 groups of test tasks and average val-
ues of indexes f [%]

Parameters of test tasks

Group Index f
M w w' N H
1 3 4 1 10 16 9.2
2 4 5 2 12 18 8.9
3 4 6 2 14 20 10.3
4 5 7 3 16 22 127

Numbers of: M — assembly machines, ¥ — types of products, 1/ — types of products
assembled according to the original schedule, k € K’; N — types of assembly opera-
tions, H — periods.

The makespan has been divided into periods /
(unitary time intervals) where / € L = {1,..., H}. Taking into
consideration too high a number of the periods may result
in a major increase in the size of the solved problem,
which may result in a relatively long computation time or
lack of the possibility of finding any solution to the problem
due to limited possibilities of the discrete optimization
packets. A low value of the periods may result in the
inability to solve the problem when assembly machines
should be loaded for a longer time. The parameters H
were determined based on the procedure described in
the paper [6].
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Thanks to the computational experiments, it was
possible to measure the lengths of the schedules and
compare them. The results presented in the table show
that the fixed route schedules are about 9.2—-12.7% longer
than those which enable alternative routes. This results
mostly from the fact that in the case of alternative routes,
the load durations of individual machines are slightly
different, unlike the schedules concerning alternative
routes.

The computations times for fixed routes were about
18% shorter than those needed to determine schedules
with alternative routes.

Conclusions

The most important advantage of this method is
the possibility of rescheduling. This method enables
creation of schedules where new operations can be
added to pre-made schedules. This way, new, urgent
orders can be completed in a relatively short time.
This is a response to the market requirements which
grants a competitive edge to any company that uses
rescheduling. Another advantage of rescheduling is the
possibility of quickly building new schedules in the case
of machine malfunctions. The new schedule is adapted
to the updated setup of the assembly line from which the
damaged machine was eliminated.

The short times of building the new schedules
result from application of the hierarchical concept. As
the problem to be solved is divided into two tasks, the
problems are smaller and the tasks can be solved in
a shorter time. Another benefit of the presented multi-
level method is an ability to solve problems of relatively
larger sizes, compared to the monolithic method.

The presented two-level method, like any other
hierarchical method [1], is characterized by a certain
deviation from the optimum. However, for each partial task,
an optimum solution is determined. This was achieved
by applying integer programming in the constructed
mathematical models. Of course, these models can
be modified and adapted to the variable conditions of
assembly and the requirements of the production market.

Wydanie publikacji finansowane przez Akademie Gérniczo-
-Hutniczaq im. Stanisfawa Staszica w Krakowie (dotacja pod-
miotowa na utrzymanie potencjafu badawczego).
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Abstract: The article presents the assessment and selection of wrapper for packaging the products in an electrical industry
company according to the method of analytical, hierarchical decision making process (AHP). The decision making process was
based on the available technical and operational parameters of wrappers from the leading manufacturers based on the selection
criteria and their weights. The last part of the thesis contains a hierarchical structure of assessment and conclusions.
Keywords: AHP — Analytical Hierarchy Process, wrapper, assessment

Streszczenie: W artykule przedstawiono ocene i wybér owijarki do pakowania produktéw w firmie branzy elektrycznej
wedtug metody analitycznego, hierarchicznego procesu decyzyjnego (ang. Analytical Hierarchy Process — AHP). Proces decyzyjny
przeprowadzono w oparciu o dostepne parametry techniczno-eksploatacyjne owijarek czotowych producentéw na podstawie
przyjetych w pracy kryteriow wyboru oraz ich wag. Koficowa czesci pracy zawiera strukture hierarchiczng dla przeprowadzonej

oceny oraz podsumowanie.

Stowa kluczowe: AHP — Analytical Hierarchy Process, owijarka, ocena

Introduction

Packaging is an important element of the production
process in every enterprise. It performs two important
functions: it allows protecting the product during loading
and during transport against mechanical damage and
corrosion, and also gives it an aesthetic value.

The purpose of the work is to become familiar with
the previous process of packaging the finished products
in an electrical industry company. Currently, it is done
manually by a group of employees who, when wrapping
high switchgears, must climb ladders to properly pack
products. When packing in the company, the finished
products are found in the final assembly hall. They are
wrapped by the employees in stretch foil, which is hard
and uncomfortable work. The analyses show that the
packaging time is far too long and the process itself is
chaotic and unprofessional.

The solution of this problem is to improve it by using
an automatic pallet wrapping machine, which shortens
the packaging time of finished products, significantly
improves comfort, employee safety and the organization
of the work. The device was selected by comparing
several of the most suitable machines for the company,
especially taking the most important parameters into
account. The AHP method was used to analyze the
selection of the most optimal wrapper. The AHP method

can be helpful in making decisions and determining the
requirements relevant to the construction of work station
[6]. The pallet wrapper is a machine that, using a roll
with stretch film and a properly set program in an easy
to use control panel, wraps ready-made products for the
customer; the device significantly improves the efficiency
of the packaging process and reduces the cost of the
used materials.

Characteristics of the AHP method

The AHP method was developed by the American
scientist Thomas L. Saaty [4, 5] in 1970 and has been
constantly modified since then. It is based on mathematical
calculations and takes into account the impact of human
psychology in its assessment, supporting the making of
complex decisions with a fixed number of their variants. It
provides a comprehensive and structured way of dividing
the problem into factors independent of each other.

The basic assumption of the AHP method is Satty's
statement [4] that human judgements are relative,
depending on the assessment approach, their personal
characteristics, their role and the value system they
profess. The result of such reasoning is a multi-faceted
approach to the decision-making problem, manifested
in determining the weights of significance (utility) of

9
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individual variants included in the assessment criteria.

These decision options are analyzed as part of the

comparative assessment. Aggregation of partial grades,

taking into account their type, is based on the calculation

of the ordered vector of a set of points. The method has

been used in many decision situations with different risks

of a failure, e.g. in business, industry, statistical decisions

[2]. Many companies have developed their own computer

programs based on the AHP method, supporting their

introduction in a specific application. Using this method

you can:

* choose the decision variant,

» assess the quality of e.g. computer software,

* determine the usefulness of safety of technical
devices,

« support financial decisions,

* make purchase decisions,

« evaluate construction solutions,

» carry out corrections and organizational changes.

It can be stated that the method is particularly useful

[1] in cases of:

» the existence of a hierarchy of evaluation criteria
showing different levels of detail, linked to a hierarchy
of goals, or expected benefits,

» determining the criteria for assessing options that do
not focus on the quantitative but qualitative approach,
where the majority of the assessor's (decision-
maker)'s ratings are subjective,

» the occurrence of full comparability of variants, i.e.
comparison and evaluation are carried out on a set of
variants in the same class.

» Making decisions according to the AHP method [1]
involves:

* building a hierarchical model - spreading the decision
problem and the description of the hierarchy of criteria,

+ assessment - comparison of pairs of criteria and
decision variants using the relative scale of Satty
dominance,

» setting global and local preferences - mutual priorities
(materiality) in relation to criteria and decision options,

+ classification of decision variants - ordered due to
their participation in meeting the requirements of the
primary goal.

Parameters of wrappers of the selected manufacturers

Depending on the specific application in the industry,
many types of industrial wrappers are available. The
leading ones include the following wrappers:

+ disk wrapper ROBOPAC type MASTERPLAT PLUS,

+ self-propelled ROBOPAC type ROBOT MASTER
PLUS,

* semi-automatic self-propelled SPIDER — PACK,

+ vertical ROBOPAC type ECOWRAP PLUS XL.

10

The basic technical parameters that distinguish
industrial wrappers are:
* maximum height of items,
* maximum dimensions of the pallet,
» charging time,
+ weight of items on the pallet,
» performance,
+ film thickness.

AHP analysis of choosing the wrapper

The general algorithm for proceeding according to the
AHP method is presented in Fig. 1. It enables evaluation
by expert groups. A large number of assessments of
the importance of individual factors may introduce
inaccuracies due to a natural discrepancy in the
preferences of the assessors. Therefore, in this case it is
necessary to calculate — the value of the Cl inconsistency
index (formula 1). Failure to meet this condition is
associated with the reintroduction of the assessment
into the comparison matrix to meet the requirement of
maintaining object dominance relations - the value of the
CR compliance ratio (formula 2). The algorithm consists
of several stages. The first is to present the problem and
set the criteria. Next, the rating scales (according to Satty)
are determined — by comparing them in the comparison
table. The next stage is determining the weight values
(priorities) and checking the correctness of the results
obtained (matrix consistency test). The final stage is
the compilation of results in the form of a hierarchical
structure.

Presenting the problem
Setting decision areas (the main purpose,
the main criteria, subcriteria, variants,

Making a hierarchical structure

v
Determining the rating scales (according to
Saaty) — comparing the assessment values
of an object in pair comparison matrixes

Setting the proper value Amax

!

Establishing local and global priorities

Determining the weight values (priorities)

v

Checking the correctness of the results obtained

Finding out the value of the mistakes made

Inconsistency ratio p Compliance ratio
al i/ ’ Random index RI ‘ P c

]

‘ Matrix consistency test |

Reduction of a matrix
size (another
verification)

|

onditions
fulfilled?
CR.=ClL/RI<0,1

Compilation of results

Making a decision

Fig. 1. The algorithm for management according to AHP meth-
od applying to a greater number of elements [1]
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The paper presents, for example, the choice of an
industrial wrapper for packaging products for a company
from the energy sector (first stage). Therefore, according
to the authors, the most important parameters for this
type of application are presented in Table 1.

In the second stage, in order to compare the possible
application of industrial wrappers, the following criteria
were adopted for assessment: maximum height-KA,
maximum dimensions of the pallets-KB, loading time-KC,
weight of the item on the pallet-KD.

The comparison of each pair of criteria is recorded
in the matrix N x N, where N is the number of elements
at a given level. The matrix constructed in this way has
the following properties: on the diagonal of the matrix
all words a; = 1, above the diagonal a; = comparison,
and below the diagonal the value of the inverse of
these comparisons a; = 1. The comparison procedure is
presented in Tab. 2.

The procedure for calculating local weights is as
follows:

Table 1. Chosen parameters — criteria for industrial wrapping machines [7,8,9,10,11,12,13,14,15]

Disc wrapper ROBOPAC Self-propelled . . .
No. type MASTER-PLAT  ROBOPAC type ROBOT ~ Semi-automaticself- - Vertical ROBOPAC type
PLUS MASTER PLUS SHEL

1. Maximum height of items 2000 mm —optionally 3100 2200 mm - opcjonalnie SPIDER — PACK 2000 mm — optionally
mm 2400 mm 2400 mm

2. Maximum dimensions of 1200x1200mm 2200x2200 mm W|thout limitations 1200x1200mm

the pallet (without the column)

. . 8-10 hours
3. Charging time 5-8 hours 5-8 hours (without the column) 10 hours
s UL G Gr 2000 kg Any Any (without the column) Any

pallet

5. Performance

6. Film thickness

Up to 25 pallets/hour

17-35um

Up to 20 pallets/ hour

17-35um

Up to 20 pallets/ hour

35-80um

Up to 30 pallets/ hour

17-35um

Table 2. A pairwise comparison of parameters — criteria importance [self study]

Maximum height KA
Maximum dimensions KB
of the pallet

Charging time KC
Weight of an item on KD
the pallet

Performance KE
Film thickness KF

TOTAL
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1.00

0.50

0.33

0.25

2.91

KB

2.00

1.00

3.00

2.00

0.50

10.50

KC

2.00

1.00

0.25

0.33

4.41

KD

3.00

4.00

1.00

0.33

10.83

KE

3.00

2.00

0.50

0.50

7.50

KF

4.00

3.00

3.00

1.00

156.00

total

15.00

4.83

13.50

7.08

7.83

2,91

51.15

0.34 0.19 045 0.28 0.40

0.17 0.10 0.07 0.05 0.07

0.17 029 023 037 0.27

0.11 0.19 0.06 0.09 0.07

0.11 0.19 0.11 0.18 0.13

0.09 005 0.07 0.03 0.07

KF weight rating
0.27 0.322 1
0.13 0.098 5
0.20 0.253 2
0.20 0.120 4
0.13 0.145 3
0.07 0.062 6

1.000
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a) adding up the scores for each column and then saving
them in the sum column,

b) each grade in columns KA to KG is divided by the sum
of the grades for this column and the result is entered
in the following columns, as appropriate,

c) calculating the weight for a selected criterion is made
by adding up the values recorded in the fields from
KA to KG, then the sum obtained is divided by the
number of elements and the result is saved in the
weight field,

d) checking the correctness of calculations by adding
weights of all elements of a given level (the sum of
weights is always equal to 1); when using the AHP
method, it should also be checked that the results
obtained do not violate the principle of constancy of
preferences; for this purpose, the inconsistency factor
Jmax must be calculated. [4].

The choice of criteria is always dictated to a large
extent by the availability of information on the selected
wrappers and the significance of parameters, which
is why the authors based their decision on the most
important factors of choosing an industrial wrapper
quoted in chapter 3 [3].

Checking the correctness of the results obtained

Using the algorithm of the AHP method, check in the
next step whether the results obtained do not violate
the principle of constancy of preferences (checking the
correctness of the results obtained). For this purpose,
the inconsistency factor imax was calculated (Table 3).
In the Saaty method, the necessary condition is to obtain
the required conformity of assessments, expressed by
the value of the compatibility ratio of the ClI comparison
matrix (formula 1) and the CR compliance ratio (formula
2), whose value should not exceed 0.1.

Table 3. Checking the correctness of the results obtained [own
study]

Criteria Total value Weigh Ir y index

KA 2.91 0.32 0.94
KB 10.50 0.10 1.03
KC 4.4 0.25 1.12
KD 10.83 0.12 1.30
KE 7.50 0.14 1.09
KF 15.00 0.06 0.93

Total 6.40

The following procedure is used to check that the
preferences are stable. The inconsistency index for
individual criteria is calculated as the product of the sum
of the scores and weights of individual criteria.

12

After substituting the values of Aimax = 6.40 and n
= 6 into the formula (1), the values of the compliance
index Cl = 0.0642 and the compliance ratio CR = 0.0518
calculated according to the formula (2) were obtained.

¢l = Mmax™ _ (0642 ()
r(n—-1)

where

n — the value of a random index according to Saaty
(n=6),

r — the matrix index (r = 1.24).

Table 4. The value of ,r" index for the size of an array ,n" [4]

r 00 00 058 09 1.12 124 132 141 145 149

and:

Cl
CR = = 0.0518 )

In the above example, two conditions are met; Cl <0.1
and CR <0.1, i.e. the preference stability has not been
affected. Then the weights were calculated and a ranking
was established for each of the adopted parameters - the
criteria of an industrial wrapper. In Tab 5-7, in accordance
with the procedures for comparing the criteria given
above, for example, the method of creating a partial

Table 5. A chosen parameter, ,maximum dimensions of the pal-
let" [one’s own study based on materials 7-15]

Maximum pallet

Industrial wrappers X .
Pp dimensions

Disc wrapper

ROBOPAC type MASTERPLAT PLUS 1200x1200 mm

Self-propelled ROBOPAC type

ROBOT MASTER PLUS 2200x2200 mm

Without limitations
(without the column)

Semi-automatic self-propelled
SPIDER - PACK

Vertical ROBOPAC type ECOWRAP

PLUS XL 1200x1200 mm
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Table 6. A pairwise comparison for the ,maximum dimensions of the pallet' [own study]

WA

wWB

wcC

WD

WE

WF

TOTAL

WA

1.00

3.00

0.33

0.33

0.33

0.33

5.32

wB

0.33

1.00

0.50

0.33

0.25

0.33

2.74

wcC

3.00

2.00

1.00

0.50

2.00

8.83

WD

3.00

3.00

2.00

1.00

0.33

2.00

11.33

WE

3.00

4.00

3.00

3.00

1.00

3.00

17.00

WF

3.00

3.00

0.50

0.50

8.33

Table. 7. Checking the correctness of the results obtained
[own study]

Criteria

WA

WB

wcC

WD

WE

WF

Maximum pallet dimensions

Total value

5.32

2.74

8.83

11.33

17.00

Total

Weights

0.24

0.34

0.13

0.09

0.05

0.15

Inconsistency index

1.29

0.92

1.13

1.06

0.90

1.22

Amax = 6.53

total

13.33

16.00

7.33

5.66

2,57

8.66

53.55

WA

0.19

0.56

0.06

0.06

0.06

0.06

wWB

wcC

0.34

0.23

0.1

0.06

0.04

0.23

WD

0.26

0.26

0.18

0.09

0.03

0.18

WE

WF

0.36

0.36

0.06

0.06

0.04

0.12

weight

0.242

0.336

0.128

0.094

0.053

0.147

1.000

ranking for the ,maximum pallet dimensions" criterion was
presented

and:

Cl

Amax

- rn—1)

CR

=i

= 0.0856

2= 0,0691
.

(4)

The final stage of assessment and selection of an
industrial wrapper according to the AHP method is the

Table. 8. Checking the correctness of the results obtained [own study]

Industrial wrappers

ROBOPAC type MASTERPLAT PLUS

ROBOPAC type ROBOT MASTER PLUS

SPIDER-PACK

ROBOPAC type ECOWRAP PLUS XL
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WA

wB

wcC

WD

Maximum height

0.32

0.13

0.17

0.05

Maximum pallet dimensions

0.09

Maximum pallet dimensions

0.15

0.08

0.14

0.14

Weight of an item on the pallet

o
w
®

0.06

Performance

0.39

0.06

Film thickness

0.07

0.06

Total

0.77

0.83

Rating
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Fig. 2. AROBOPAC disk wrapping machine MASTERPLAT PLUS

development of a hierarchical structure. The results
obtained are presented in Tab. 8.

The presented analysis shows that the ROBOPAC
MASTERPLAT PLUS disc wrapping machine should be
selected [Fig. 2].

Partly automated packing process

The packaging process with the applied Robopac
Masterplat plus disc wrapping machine will take place in
the following order:
loading the product on a pallet truck,
placing the product on the wrapper,
applying polystyrene corners,

}:’7
E Control
@€ panel
- L]
[Ty} -
:_( N
1 -
Carriage

\ rotating base (a plate)

» starting the program in the control panel,

« transporting the wrapped object by forklift to the
warehouse of products ready for shipment to the
customer.

An additional innovation is the use of polystyrene
corners, which significantly better protect finished products
during loading and transport. To save time of packing
products, both polystyrene corners and rolls with stretch
foil will be located on individual shelves at the wrapping
machine. Below is an illustrative packaging process
in one of the halls in a company using a ROBOPAC
MASTERPLAT PLUS disk wrapper in 3D structure using
the SolidWorks program [Fig. 3].

Fig. 3. 3D hall structure made in SolidWorks
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The improved process of packing finished products
by using a ROBOPAC MASTERPLAT PLUS disk wrapper
made in a 3D structure (Fig. 4), which allows a detailed
presentation of the work process. All products will be
transported by forklifts to the wrapping position; the
employee will set parameters in the control panel and
control the operation of the machine. Packaged products
will be transported to the warehouse or directly to the
customer. A space was created for the wrapping machine
in one of the halls in the energy company (Fig. 4). The
machine meets the ergonomic requirements. To ensure
work safety, protective barriers are attached around the
device. To set the parameters wrapped in the control
panel and to control the entire work process of the device,
only one properly trained employee is sufficient.

Fig. 4. An approximate packaging process in the hall in 3D
made in SolidWorks

Conclusions

The study attempted to show that the AHP method
allows evaluating the decision variants within one of their
product classes. A formal approach is used to acquire
and process expert assessments. It is a flexible method
and can be adapted to various classes of the examined
objects, including their specifications.

The obtained results indicate that on the basis of
parameters - criteria specified by experts, the ROBOPAC
type MASTERPLAT PLUS disk wrapping machine
should be selected, followed by ROBOPAC type ROBOT
MASTER PLUS. Relative values obtained as a result of
calculations indicate that the advantage of the ROBOPAC
MASTERPLAT PLUS wrapper over the others is large.
This is the latest solution of ROBOPAC, thanks to which
the operator operating the wrapper has an access to
each side of the machine. In addition, it is equipped with
a thin plate with a thickness of 30 mm, increasing safety
at work and facilitating loading onto the wrapping plate,
and the system of patented discs significantly increases
the reliability of the machine.

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 2/2020

The authors intend to analyze the advantages and
disadvantages of the AHP method in the construction
of more complex technological processes. To convince
themselves that this method is justified for use
by engineers, the authors intend to analyze more
complicated assembly technological processes (choice
of technological variant).
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SELECTION OF JOINTS FOR TESTING A FATIGUE LIFE OF AVIATION
RIVETS

Dobor potaczen do badania trwatoSci zmeczeniowej nitéow lotniczych
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Abstract: During the operation of aircraft, rivets sometimes loosen, what requires their replacement. The use of original
rivets in repairs is troublesome and sometimes impossible due to the lack of access to the interior of the airframe structure. In
this case, blind rivets should be used, provided that they have greater or equivalent strength to the original rivets. The aim of the
study was to compare the statistical strength and fatigue life of the rivets that are usually used in the construction of the Mi-24
airframe and blind rivets that can be their substitutes. The object of the study included one-sided rivets: titanium core threaded
MBF2110AB-05-15 with round head (4.2 mm diameter) and one-side Huck rivet with an extruded core (diameter 4.8 mm). The
properties of these rivets were compared with those of ordinary 3558A-4-10 mushroom rivets manufactured from the W65 alloy
used in the construction and repair of Mi24 helicopters. Comparative tests of rivet shear strength, head and end pull-off strength
and fatigue life were carried out. An important problem turned out to be the selection of such a sample for fatigue tests, so that
rivets and not the plates connected with them were destroyed by fatigue. These requirements were met by single strap samples
in which C profile was strap.

Keywords: rivet joints, blind rivets, equivalent strength, fatigue strength

Streszczenie: W trakcie eksploatacji statkow powietrznych dochodzi czasami do obluzowania nitéw, co wymaga ich
wymiany. Stosowanie w naprawach oryginalnych nitéw jest ktopotliwe, a czasami niemozliwe ze wzgledu na brak dostepu do
wnetrza struktury ptatowca. W tym wypadku nalezy zastosowan nity jednostronne pod warunkiem, ze bedg one miaty wiekszg
lub réwnowazng wytrzymatos¢ z nitami oryginalnymi. Celem prowadzonych badan byto poréwnanie wytrzymatosci statycznej
i trwato$ci zmeczeniowej nitéw zwyktych stosowanych w budowie ptatowca Mi-24 oraz nitéw jednostronnych mogacych by¢ ich
zamiennikami. Obiektem badan byty nity jednostronne: tytanowe, rdzeniowe nawlekane MBF2110AB-05-15 z tbem okrggtym
(Srednic 4,2 mm) jednostronne Hucka z rdzeniem wycigganym ($rednica 4,8 mm). Wiasciwosci tych nitéw poréwnywano
z wiadciwosciami nitow zwyktych grzybkowych 3558A-4-10 wytwarzanych ze stopu W65, stosowanych w budowie i naprawach
Smigtowcéw Mi24. Przeprowadzono badania poréwnawcze wytrzymatosci nitdw na scinanie, wytrzymatosci na odrywanie tbow
i zakuwek oraz trwatosci zmeczeniowej. Istotnym problemem okazat sie dobér takiej prébki do badan zmeczeniowych, aby
zniszczeniu zmeczeniowemu ulegaty nity, a nie faczone nimi blachy. Wymagania te spetnity prébki jednonaktadkowe, w ktérych
naktadkg byt ceownik.

Stowa kluczowe: potgczenia nitowe, nity jednostronne, rbwnowazna wytrzymatos¢, wytrzymato$¢ zmeczeniowa

Introduction

Airframe structures of aircraft are joined mainly by
cold riveting methods due to the materials from which
they are made, that is, from aluminum alloys of the AW
2xxx group [7, 8]. The production process mainly uses
ordinary rivets made of aluminum alloys (e.g. Polish PA25
or Russian alloy W 65 with shear strength Rt = 245 MPa)
with various types of heads. In heavily loaded connection
nodes, so-called rivets with increased shear strength
made of 30GHSA steel or titanium are use, which are
essentially fitted pins. Blind rivets (one-sided) are also
occasionally used in places where there is no access to
the hold-on (bolster) in the riveting process [2].

During aircraft operation, rivets are sometimes
loosened, what requires replacement, as tightening
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loose rivets is generally unacceptable, and damage to
the skin, which requires the installation of the patches
connected to the airframe structure by riveting. The use
of original rivets in repairs is troublesome and sometimes
impossible due to the lack of an access to the interior of
the airframe structure. In this case, blind rivets should be
used, provided they have equivalent or greater strength
with the original rivets. Various blind rivets are available
on the market, but most of them do not even meet the
criterion of equivalent static shear strength. Considering
the operational loads of helicopter airframes, besides
short-term strength, fatigue strength of rivets and joints
made with their use is equally important and even more
important [5].

The latest blind rivets produced for aviation are
stranded core rivets made of titanium alloys or steel. Due
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to the materials they are made of, they should be more

durable than ordinary duralumin rivets. However, the

admission of such rivets for the repair of military aircraft

requires evidence that they will meet the requirement of

equivalent strength and durability, which shall mean:

* not less static strength,

* no lower fatigue life of rivets,

* no less fatigue durability of joints made with these
rivets,

» corrosion resistance, especially electrolytic.

The purpose of the research was to compare the
static strength and fatigue life of ordinary rivets used in
the construction of the Mi-24 airframe and blind rivets that
could be their substitutes.

The objects of the study were blind rivets:
 titanium threaded core MBF2110AB-05-15 with round

head (diameter 4.2 mm)

» one-sided Huck rivets with pull-out core (diameter 4.8

mm)

The properties of these rivets were compared with
those of ordinary 3558A-4-10 mushroom rivets manufac-
tured from the W65 alloy used in the construction and
repair of Mi-24 helicopters. The strength of riveted joints
has been devoted to many publications, whose compre-
hensive review and analysis are contained in [6]. In the
research presented in this article, the main attention was
devoted to the fatigue strength of the rivets themselves.

Static testing

Five single-overlap riveted samples were made
witch use: standard rivets 3558A-4-10 and blind rivets
MBF2110AB-05-15, as well as 5 single strap samples
connected with Huck rivets. Single-overlap samples were
created by connecting cuboid elements with dimensions
100x25x2 mm with two rivets. Single-overlap and single
strap connections are made of plated AW 2024T3 alloy.
The length of the connection overlap was 32 mm and
the assumed rivet spacing corresponded to the assembly
scheme of 10-12-10 mm. Plain rivets were pressed up in
the press.

Single strap samples with Huck rivets were prepared
with @ 4 mm thick strap (80x25x4 mm) combining it with
four rivets with 100x25x2 mm elements. The diagram of
the connections used is presented in Fig. 1.

Fig. 1. View of the single-overlap and single strap samples
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Strength tests were carried out on the ZD10 testing
machine and the values of destructive forces for single-
overlap and single strap joints are presented in Table 1.

Table 1. Load capacity of single-overlap and single strap joints
[N] and rivets shear strength

Huck rivets

Sample 3558A-4-10 .
T ordinary rivets MBF2110AB-05-15 (smglg strap
joint)
1 7350 11600 9500
2 7500 11700 9700
3 7500 11600 9700
4 7500 11400 9600
5 7350 11700 9500
CHITIETS 7440102 11600151 9600+124
average
Shear
strength of R, =296 MPa R, > 419 MPa R, = 265,4 MPa

rivet

Destruction of joints connected with plain and Huck
rivets consisted of cutting the rivets (Fig. 2A), and joints
connected with blind rivets by tearing off the heads,
ovalization of the holes and plastic bending of the joined
elements (Fig. 2B).

In the tests of static strength of connections with Huck
rivets, a load capacity was obtained, which corresponds
to shear strength Rt = 265.4 N, i.e. it is comparable with
standard 3558A-4-10 rivets.

Fig. 2. Destruction of standard and blind rivets in the static
strength test

Because the blind rivets have a different head and
end cap structure than ordinary rivets, the tensile strength
of the head and end rivets has been tested. The method
used was based on riveting two C-profiles with an
appropriate wall thickness (Fig. 3) and then loading them
in a testing machine with the use of supports and a load
transmitting element.
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Fig. 3. Sample for testing the tensile strength of rivet heads

Five strength tests of the ordinary rivets were carried
out, obtaining similar strength results: 5700, 5250, 5400,
5450 and 5300 N (average value of breaking force 5420 +
218 N). Destruction of the rivet consisted not in breaking
off the head, but in cutting it off (Fig. 4).

Fig. 4. Mechanism of rivet head destruction

In the case of MBF2110AB-05-15 blind rivets, the
destruction consisted of breaking the threaded shank
(Fig. 5) at 6900, 6800 and 6800 N.

Fig. 5. Destruction of the MBF2110AB-05-15 rivet in a pull-off
test

The destruction of Huck rivets occurred at 2300 and
2250 N and consisted in breaking the sleeve connected
to the head (Fig. 6).

Fig. 6. Destruction of Huck rivet in an attempt to detach the
head
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Due to the low head tensile strength, Huck rivets have
been eliminated from further testing.

Fatigue tests

Selection of sample for testing fatigue life of rivets

The use of single-overlap samples in fatigue tests
results in determining the fatigue life of the joint, not the
rivets, because the joined sheets are damaged due to
fatigue bending (Fig. 7) [8].

Fig. 7. Fatigue destruction of riveted single-overlap samples [1]

In order to eliminate bending, the suitability of double-
overlap sample (Fig. 8) connected with one rivet was
tested for fatigue testing.

Fig. 8. Double-overlap sample

Double-lap samples (with an overlap length of 20)
connected with one rivet were prepared again from
cuboid elements with dimensions of 100x25x2 mm and
subjected to fatigue tests with a frequency of 20 Hz.
Literature data shows that for load frequencies of 0.15
Hz and 40 Hz, the test results do not show differences
regarding fatigue life of samples made of 2024-T3 alloy
[5, 6]. Also, tests conducted on a three-row rivet joint made
of 2024-T3 material at two different load frequencies 1 Hz
and 10 Hz confirmed the lack of the test frequency on
fatigue life of riveted joints [4].

In order to obtain rivet destruction with a number of
cycles less than 500,000 cycles, the experimental tests
changed the load range successively, increasing the
average value of amplitude in the cycle. For the 1%t range,
extreme load values were equal to Fmax = 4500 N and
Fmin = 3500 N, for the 2nd 5000 and 4000 N respectively,
for the 3™ 5400 and 4000 N and for the 4" 6000 and
4000 N.

TECHNOLOGIA | AUTOMATYZACJA MONTAZU nr 2/2020



At the largest load range, the sample was destroyed
after 89 238 cycles, but not the rivet, but the central plate.
To reduce the stress in the joined elements in the next
sample, 32 mm wide sheets were used. The sample
was subjected to fatigue loading in the range of Fmax =
6000 N and Fmin = 4000 N. After 91.568 cycles, as in the
case of a 20 mm wide sample, the central plate cracked.
The shape of the crack and the deformation of the sheet
(Fig. 9) show that the reason for such damage was
exceeding the allowable pressures, whose value was:
731.7 MPa.

Fig. 9. Fatigue cracking of the central sheet of a double-overlap
32 mm wide sample

In order to eliminate the problem of excessive
surface pressure, it was decided to use a larger number
of rivets and a single strap asymmetrical connection
(Fig. 10), in which shear stresses in the rivet shank
are similar to those in a double-overlap sample with
one rivet, and the surface pressures were twice as low.
Such a sample also better reproduces the work of a skin
supported on a longitudinal half-shell structure.

Fig. 10. Asymmetrical single strap sample

The sample was subjected to fatigue loading in the IV
range, i.e. Fmax = 6000 N and Fmin = 4000 N. After 260
812 cycles, the strap fatigue cracked (Fig. 11). Therefore,
it was decided to replace the flat strap with a 25x15x2
mm dural channel bar (Fig. 12) in order to cause fatigue
damage of the rivets.

Fig. 11. Fatigue crack of flat cover plate

Fig. 12. Single strap sample with C-profile

The sample was subjected to fatigue in the range
of Fmax = 6000 N and Fmin = 4000 N. After 819,000
cycles, the load Fmax = 6600 N and Fmin = 4000 N
was increased and the sample was subjected to further
testing. After completing an additional 37,610 cycles, the
rivets on one side of the strap were damaged (Fig. 13).

Fig. 13. Nature of fatigue failure of rivets of a single-strap sam-
ple with C-profile

The next single-strap sample with C-profile was
subjected to fatigue loading in the range of Fmax = 6600
N and Fmin = 4000 N. After 391, 785 fatigue cycles,
fatigue cutting of the rivets occurred (Fig. 14).

Fig. 14. The nature of fatigue failure of a single-strap sample
with C-profile loaded in the range Fmax = 6600 N and Fmin
= 4000 N

The conducted tests allowed accepting the conditions
of comparative fatigue tests of ordinary rivets and their
blind rivet substitutes. In order to obtain the destruction of
the rivets, and not the joined sheets, it was decided to use
single-strap samples in which the strap will be a C-profile.
It was decided to load the samples in the same range
Fmax = 6600 N and Fmin = 4000 N with a frequency of
20 Hz, and the tests lead to at least 500,000 load cycles.
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A single-strap sample with C-profile connected with
round head MBF2110AB-05-15 titanium rivets had fatigue
life of 610,000 cycles and the test was discontinued.
Computed tomography (Fig. 15) tests showed that in
the sample with round head MBF2110AB-05-15 titanium
rivets, loose connection, decalibration of holes and
displacement of the connected elements.

Fig. 15. Sample with MBF2110AB-05-15 titanium rivets after
610,000 load cycles

Conclusions

The tested blind rivets MBF2110AB-05-15 have higher
shear strength compared to the rivets to be replaced with
them, and Huck rivets about 10% lower. The latter, due
to the low head pull-off strength, cannot be substitutes for
the ordinary rivets.

Preliminary tests allowed selecting a sample for
comparative tests of fatigue life of ordinary rivets and
strength-equivalent blind rivets - a single-strap sample
with a strap in the form of a C-profile.

MBF2110AB-05-15 titanium blind rivets with round
head are also characterized by greater fatigue life
compared to standard 3558A-4-10 rivets.

Comparative fatigue tests should be carried out to
check how blind rivets affect the fatigue life of the sheets

to be joined. Such tests can be carried out on single-
overlap samples.
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A bstract: This paper presents general characteristics of methods for measuring kinematics and geometry of CNC machines.
Implementation of the selected control methods at numerical centres is shown. The mentioned centres are a part of flexible
production lines used for the production of parts in the aviation industry used to assembly power transmissions that require high-
precision components. Adapted control methods allow automatic planned mode or forced mode to test the machine's suitability
for the machining process. The assessment applies to geometry and kinematics of the CNC machine.

Keywords: CNC machine, FMS, control of accuracy, tests of machines

Streszczenie: W pracy przedstawiono ogdlng charakterystyke metod pomiaru kinematyki i geometrii maszyn CNC.
Pokazano implementacje wybranych metod na centrach numerycznych. Wspomniane centra sg czescig elastycznych linii
produkcyjnych wykorzystywanych do produkcji podzespotéw w przemysle lotniczym, uzywanych do montazu przektadni mocy
wymagajacych precyzyjnych komponentéw. Dostosowane metody kontroli pozwalajg - w trybie automatycznym lub wymuszonym
- przetestowac zdolno$¢ maszyny do procesu obrébki. Ocena dotyczy geometrii i kinematyki maszyny CNC.

Stowa kluczowe: maszyna CNC, elastyczne systemy produkcyjne, kontrola doktadnosci, testy maszyn

Introduction

Manufacturers of aviation parts are facing growing
requirements related to delivery times, low prices and
a high quality of finished products. To meet those needs,
solutions in the form of flexible manufacturing systems
(FMS), are increasingly used. One of the important
aspects accompanying the production on FMS lines
is the quality of machining, more precise mapping of
the programmed shape in accordance with the quality
requirements. When the machine is delivered to the
user, the manufacturer performs tests for confirming its
accuracy. The mentioned accuracy changes or degrades
over time and requires constant diagnosis. The issues
discussed in the article refer to the accurate machining
of aviation parts that function in the assembly and are
components in manufacturing assembly operations.
For these parts, assembly operation is determined by
the accuracy of the machining operations, where the
dimensions must be kept within the assumed tolerance.
Checking accuracy of machining machines is the
subject of many studies [5, 7, 8, 11]. In the traditional
manufacturing system, on conventional or numerical
machines, the operator performs measurements and
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dimensional corrections during the process. These
activities in the case of spatially complex parts (aviation
power transmission housings), which are produced in the
FMS system using five-axis machines, is complicated
and often impossible due to technological conditions
and EHS (environment, health and safety). The need for
geometrical and kinematic control of the accuracy of the
machine on which the part is produced, results from the
machine zero point shift occurring during manufacture.
This results in a shift in the position of the geometrical
parts machined in the given operation relative to the base
surface. In machining parts, which in the undertaken
case are elements of the power transmission gearbox,
such a shift is unacceptable because it is related to the
occurrence of relative positioning errors visible during
assembly operations, often without the possibility of their
removal. These are, for example, errors in the setting
of the axis of the mating shafts that prevent the product
from functioning properly. Thus, the only way to ensure
correct functioning of the product and its assembly is to
accurately manufacture the components of the assembly.
Ensuring high machining accuracy requires the use of
control and supervision of machining operations. The use
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of existing accuracy control solutions on the market is
associated with a relatively long machine downtime.

The article presents the most commonly used
methods for diagnosing geometry and kinematic errors of
CNC machines and also solutions resulting from research
and implementation work, operating in automatic mode
on FMS lines, which are used to assess the machine's
suitability for the machining process.

Used methods for measuring machines accuracy
* Measurement of geometry using reference instrumentation

One of the basic tests enabling the assessment of the
machines geometry condition are measurements made in
accordance with the provisions of international standards
1SO230 and ISO10791. They contain, inter alia: checking
the straightness of motion in all linear axes in the possible
planes of the basic machine system, perpendicularity
between linear axes and test of angular linear motion
deviations. Fig. 1. shows diagram for measuring the
straightness of the X axis movement in the XY and zZX
planes on a horizontal 5 axis CNC machine.

a)

LeO0 U000 0]

S
OO0
=

b]

ML

i

B2C000000

Fig. 1. Checking of straightness of the X-axis motion (ISO
10791-1 - G1): @) in the vertical XY plane (EYX) b) in the
horizontal ZX plane (EZX) [2]
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For this type of measurement, there are used
reference instrumentations such as: granite straightedge,
granite square or granite triangle. Dial gauges with
appropriately selected resolution are used as measuring
tools. The disadvantage of this type of measurement is
keeping the machine out of production for a long time.

The advantage of this method is the relatively low
cost of purchasing the equipment needed to perform the
measurements.

* Measurements of kinematic and geometric accuracy using
a telescopic kinematic bar

The measurements using a kinematic rod are based
on analysing the shape of a pie chart that is performed
in three parallel planes. One of the most popular systems
used for this purpose is the Renishaw Ballbar QC20-W
[1]. It is a wireless system consisting of a telescopic rod
with magnetic ball joints on both ends (Fig. 2.). One of the
joints is placed on the stationary machine table and the
other in the spindle. Between them there is a telescopic
rod with a precise measuring system installed inside.

a)

b)

[N Exampte resies o5 - Reviaha Balinar 20 Cuick Crec oo i |

1} Review results /A ade-
| scicow) [aciew [argcow [ar cw) B0

=]

IS0 230-4:2005(E)

Bi-directional drcular deviation

Example results
Operator: M.AM. Chapmen

B

Machine: Quick check
QC10: GEI0Z6, Last calbrated; 2015-04-12

a3

Bi-directional circular deviation bt
WValae 20.0urn
Test parameters
Ardius 150.0000mm
Faetrate 1000.Lenmimin
Run sequence ==k
Elans under test xr

o®

Test pstion Cantre
Start angle 0=
=ne angle 360"

=

Fig. 2. Renishaw system: a) Renishaw QC20-W Ballbar
b) Renishaw analysis in accordance with ISO230-4 [1]
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The CNC tool machine shall be programmed to
perform interpolation circular motion in parallel planes XY,
XZ and YZ in the direction of CW and CCW. The collected
data is sent to a PC, where Renishaw software calculates
the parameters of total accuracy (circularity, circularity
deviation), in accordance with such international standards
as 1SO230 and ANSI / ASME B5.54 or Renishaw's own
analysis reports. The report uses mathematical analysis
to diagnose many individual machine errors such as
backlash, recurrence error, regular vibration, irregular
vibration, lag error, scale error, axis perpendicular error,
etc. Data is displayed in graphic or numerical format. It
is possible to test the simultaneous work in five axes
using a Ballbar. The test is performed similarly to the
method of milling a control cone in accordance with ISO
10791-7 (NAS979), but without cutting process load. The
analysis software will correctly calculate the circularity,
but the machine diagnosis requires careful interpretation
because the system is designed mainly for 3-axis tests
[1].

The disadvantages of the Ballbar system is fact that
the measurements are only carried out in a narrow space
limited by bar lengths (commercial lengths vary from 50
to 600 mm). The measurement path must always be in
the shape of a full circle or arc.

The advantage of the Ballbar QC20-W system is that
it can be used in workshop conditions due to its resistance
to dirt. The wireless transmission allows testing with

a)

c)

o

closed machine covers. Based on the measurements
made, the diagnostic program is able to determine with
what accuracy the element can be made at a given
machining centre.

* Measurement of positioning accuracy and geometry using
a laser interferometer

Laser interferometers are the devices most commonly
used for measuring the accuracy of numerically controlled
machines as well as for their calibration. An example of
such a solution is a Renishaw XL-80 laser interferometer
[6]. With its help, after applying the appropriate optical
configuration (Fig. 3.), it is possible to perform:

* linear measurements thanks to which the positioning
accuracy along the measured axis is determined,
backlash etc.,

* angular measurements, enabling the determination of
vertical and horizontal deviations along the concerned
axis,

» straightness measurements, enabling determination
of the error in vertical and horizontal planes for the
movement of the considered axis,

» rotary axis measurements, which enables assessment
of positioning accuracy for rotary axes,

* measurement of perpendicularity, which allows the
assessment of the nominal angle deviation of two
selected considered axes.

b)

d)

Fig. 3. Renishaw XL-80 laser interferometer in the configuration for: a) linear measurements, b) angular measurements, c) straight-
ness measurement, d) rotary axis measurement using the XR20-W head [6]
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The advantages of this measuring method are,
versatility of applications, high accuracy, the possibility
of using over long distances. With the use of appropriate
software, it is possible to generate a measurement report
in accordance with international standards (ISO 230-2).

The disadvantage is the need to take measurements
with the machine's open covers, optics that require careful
handling, long time out of production due to preparation
and measurements of the machine tool.

Own procedures developed in flexible manufacturing
systems for measuring the geometry and kinematics in
automatic mode

* Rectangular master part

The first example of this realization is the use of
an master part in the form of a cuboid measuring
250x250X220 mm and a hole diameter of 60 mm (Fig.
4)), installed on a movable pallet stored in an automatic
fixture store. The FMS line on which the project was
carried out consists of six horizontal milling centres: three
five-axis machines in the TT system (tilting - rotary table),
and three four-axis t-machines (rotary table). The numeric
centres are equipped with Sinumerik 840D Powerline
control. The entire line is managed by the central JFMX
system [16].

Fig. 4. Isometric view of the rectangular master part

A common problem that occurred during the operation
of the machines installed on this line was related to
the thermal deformation of the machine’s body. That
contributed to the change of their geometry, resulting in
changes of machine zero position and had a significant
impact on the kinematic center point during axis rotation.
After every problem with the quality of structural
components manufactured on the machine in question,
the analysis of finished product indicated potential
problems with the machine geometry. So the procedure
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implemented by the manufacturer was performed to
determine the geometric correctness [9, 10]. These
activities took about two hours. In case that machine
compensation was necessary, the time was extended
to three hours. It should be noted, that not always the
quality problems of the produced components were due
to the geometric reasons of the machines, in such cases
the previously mentioned two-hour tests were a waste
of time.

To automate the machine verification process, a CNC
program was created using an rectangular master part in
the form of a cube, an RMP60 probe [12] and Sinumerik
measuring cycles [13].

The program's task is to measure the selected
characteristics of the reference master cube, which
enables the assessment of parameters such as:

» correctness of the probe RMP60 calibration [12],
» correctness machine zero position in X, Y, Z axes,
« correctness of machine’s geometry in the range,

perpendicularity of machine axes [X,Z], [Y,Z].

Fig. 5. View of the rectangular master part with the RMP60
object probe placed in a 4-axis horizontal machining center

The measured characteristic values are automatically
saved on the disk of the central computer managing the
entire production line, which allows access to information
at any time.

The most important feature of the self-testing program
is the function that, after completing the measurement, if
necessary, when the assumed tolerance is exceeded, it
blocks the production on a given machine and by using
sound or light signals and appropriate M-functions calls
the operator. The controller display shows information
about the characteristic that has been exceeded. At the
production line management stand, a prompt is displayed
pointing out the machine being blocked. If the problem
concerns the correctness of machine zero position, it is
possible to automatically correct the machine parameters
in the service mode. After re-verification of the machine's
suitability for the process, if the tested parameters are
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within the tolerance, the machining centre is unlocked
and restored to production.

The automatic test, taking into account the automatic
correction, lasts approximately 10 minutes, which gives
considerable time savings, and allows significantly
reducing the number of non-compliant parts produced on
the FMS line in question. The improvement of the quality
of manufactured parts allowed improving the assembly
operations performed on the manufactured structural
components (no calibration required for mating the
components, etc.).

* Reference master sphere, reference master solid

As part of the research and implementation work
carried out on the FMS line in the company dealing with
the production of aviation components, a system was
developed and implemented whose task is to plan or
force to analyse the suitability of the machining centre
for the process. The aforementioned line consists of
three horizontal machining centres: five axis in the HT
configuration (Fig. 6.), and a high storage warehouse for
tooling. The whole is handled by a automatic conveyor
whose task is to transport fixtures between machining
centres, loading stations and fixtures magazine.

Fig. 6. Horizontal machining center with a rotary table and tilt-
ing head (HT)

Due to the variety of the manufactured elements,
variability of loads during machining and relatively short
series, it was necessary to constantly monitor machining
centres for process suitability. For this purpose,
measurement procedures were developed using the
probe, master object in the form of a cuboid with the
characteristic dimensions of 750x750 mm, and two
reference spheres placed on the machining pallet (Fig.
7). The measurement procedure was divided into several
stages. The individual stages were designed to reflect, as
far as possible, the acceptance instructions contained in
the standards [4, 9], and the acceptance documentation
of the machine manufacturer [2].

Fig. 7. View of the calibration master (two reference sphere's,
calibration column), together with the RMP60 probe, inside
5-axis machine center

First, the cuboid temperature is measured to
compensate for the nominal geometrical values of the
artefact. The temperature is measured by probe TP44.10
[3].

The next stage is the analysis of the geometrical
properties of the machining centre using the RMP60
object probe [12] and measuring cycles [14]. Straightness
measurements of individual linear axes are made in the
YZ, ZX, XY planes. The angular relationships between
the YX, YZ and XZ axes are also checked.

The next step is to assess the correctness of
the machine zero position, and to check the error of
parallelism of the rotation axis of the table B in relation to
the Y axis in the ZY and XY planes. The assessment of
these parameters is made by measuring the position of
two artefacts in the form of reference balls whose position
in space is changed by means of the rotation axis B in
three characteristic positions (B0, B-90, B-180).

The acceptable deviations were adopted in
accordance with the acceptance requirements contained
in the purchase contract of the analysed machining
center [2, 9, 10].

In case of positive result of the above measurements,
the correctness of geometric vectors is tested; they are
used to define 5-axis transformations (TRAORI, TCARR)
[15]. The measurement takes place in such a way that
with the help of the object probe three positions of the
measuring ball are read for each of the two rotary axes
(A, B) [14]. The results obtained in this way are compared
with the current settings.

Similarly to the described example from subchapter
Rectangular master part, reports are generated and if
necessary, production is blocked on the tested machine
centre. If the tolerance for machine zero position or
the permissible deviations for kinematic vectors is
exceeded, it is possible to automatically calibrate the
above parameters in the service mode. Auto calibration is
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possible only when the geometrical criteria (straightness,
perpendicularity) are met.

Conclusions

The technology of assembly operations in aviation
industry is closely related to the accuracy of machining
parts. In the case of assembly with incomplete
interchangeability of parts, one can afford lower accuracy.
This lower accuracy can be corrected by assembly
methods using compensators or selection. However,
there are parts where full interchangeability is required
and assembly accuracy is decisive. These types of parts
are produced on CNC milling machines implemented in
the FMS lines discussed in this article. In such cases, the
accuracy of machining determines not only the usefulness
of the part but also the costs of the production.

The practical application of the solutions presented in
the article (chapter: Own procedures developed in flexible
manufacturing systems for measuring the geometry
and kinematics in automatic mode), has significantly
improved the accuracy of the parts, which eliminated
a number of deficiencies or the need for re-corrective
machining to ensure proper assembly of the assemblies
and functioning of the product. The introduced control on
expensive aviation parts significantly reduced costs and
processing time.
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ANALYSIS OF THE IMPACT OF SURFACE ROUGHNESS ON THE
CAPACITY OF ADHESIVE JOINTS FROM ALUMINUM ALLOY 2024

Analiza wptywu chropowatosci powierzchni na nosnos¢ potaczen klejowych stopu
aluminium 2024
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Abstract: The purpose of the article was to deepen the state of knowledge regarding the impact of surface roughness on the
capacity of single-lap adhesive joints from aluminum alloy 2024. The surfaces with a triangular outline and various height and
longitudinal parameters have been deliberately shaped. The surface roughness of the samples was shaped by milling with four
different table feed of 30, 50, 70 and 90 [mm/min]. Surface roughness was tested in a 2D system using a contact profilometer.
The samples were connected using Loctite EA 3430 epoxy adhesive and then subjected to a static tensile test. As a result of
the performed statistical analysis, it was shown that in the adopted variability area, along with the increase of the feed value, the
value of roughness parameters and the capacity of joints increased. The highest capacity was obtained for the parameters Ra =
20,83 ym, Rz = 101,33 ym, Rv = 41,97 ym, Rku = 2,62 ym, RSm = 0,746 mm.

Keywords: surface roughness, lap adhesive joints, static tensile test

Streszczenie: Celem artykutu byto pogtebienie stanu wiedzy dotyczacej wptywu chropowatosci powierzchni na no$nosc
jednozakfadkowych potaczen klejowych stopu aluminium 2024. W sposob celowy ukonstytuowano powierzchnie o zarysie
trojkatnym, roznigce sie wysoko$ciowymi i wzdtuznymi parametrami chropowatosci. Chropowato$¢ powierzchni probek
ksztattowano poprzez frezowanie z czterema réznymi predko$ciami posuwu wynoszgcymi 30, 50, 70 i 90 [mm/min]. Chropowato$¢
powierzchni zbadano w uktadzie 2D przy pomocy profilometru stykowego. Probki sklejono z wykorzystaniem kleju epoksydowego
Loctite EA 3430, a nastepnie poddano statycznej prébie rozciggania. W wyniku przeprowadzonej analizy statystycznej wykazano,
ze w przyjetym obszarze zmienno$ci wraz ze zwiekszaniem warto$ci posuwu zwiekszata sie warto$¢ parametréw chropowatosci
oraz no$nos¢ potgczen. Najwyzszg nosnosc uzyskano dla parametréw Ra = 20,83 ym, Rz = 101,33 ym, Rv = 41,97 uym, Rku =

2,62 um, RSm = 0,746 mm.

Stowa kluczowe: chropowatos¢ powierzchni, zaktadkowe potgczenia klejowe, statyczna préba rozciggania

Introduction

The phenomenon of adhesion is one of the factors
conditioning the formation of adhesive joints. There are
several theories that describe this phenomenon. One of
them is mechanical theory of adhesion. According to this
theory, due to the penetration of glue into the irregularities
on the adhered surface, it is possible to create some kind
of mechanical anchors between the surface and the glue.
These anchors are capable of carrying significant loads.
The topography of the surface determines the value of
mechanical adhesion. Therefore, surface roughness
can affect adhesive properties and, as a result, strength
properties of the adhesive joint [4, 5].

There are several methods that allow modifying
the geometric structure of the surface. One of them is
mechanical treatment. The most commonly used methods
of mechanical surface pre-treatment include: shot
blasting, shot peening, grinding and abrasive blasting [7].
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A lot of research has been carried out regarding the
impact of various machining methods on the geometric
structure of the surface and the capacity of the joints.
For example, in paper [8] the author compared the
effects of superfinishing, grinding and lapping on surface
roughness and adhesive joint strength of steel. According
to this paper, the highest values of joint strength were
obtained for lapping, although the height parameters for
these surfaces were relatively low.

In paper [6] the influence of sandblasting on surface
properties for adhesion was examined. The research has
shown that surface roughness and its adhesive properties
depend more on the type of abrasive material than the
applied pressure.

The objective of work [13] was to investigate the effect
of sandblasting and laser texturing on the roughness
parameters and joint strength from 30CrMnSiA steel.
The analyzes presented in the work showed that, as
a result of sandblasting and laser texturing, roughness
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parameters such as Rz increased to 2,85 ym and 4,19 ym
from 0,75 ym and Ra increased to 0,39 ym and 0,63 ym
from 0,22 ym. Furthermore, the strength of the adhesive
bond increased by 151% to 465.9% respectively after
sandblasting and laser texturing.

The author of the work [10] pointed out that the shear
strength of adhesive joints that were damaged as a result
of breaking adhesive bonds should be associated with
the roughness parameters such as Ir, Aa and Aq. On
the other hand, the strength of the connections in which
cohesive bonds were broken depended (to a small extent)
on the height parameters Ry, Rm, Rz and Ra.

The subject of the work [12] was to examine the
influence of 3D geometric structure on the strength
of adhesive joints. The work proved that the hybrid
parameters such as Ssc, Sdr, Sdq can be used to control
the correctness of surface preparation and forecast shear
strength of lap adhesive joints glued with elastic adhesive
compositions that are subjected to adhesive or adhesive-
cohesive damage.

However, modifying the adhered surface roughness
(by mechanical treatment, for example), does not always
guarantee an increase in the strength of the connection.
Excessive surface roughness and a large number of
narrow pores may hinder the penetration of adhesive
into the unevenness and, as a result, weaken the
connection. In such cases it is very important to apply
the right pressure during gluing [3, 5]. What is more,
some research points out that in some cases mechanical
surface pre-treatment may weaken the adhesive joint by

Table 1. The chemical composition of aluminum alloy 2024 [2]

forming excessive compressive stresses or structural
micro-damage [1, 4, 11].

Therefore, it is reasonable to conduct further research
on the impact of surface roughness on the capacity of
adhesive joints and to search for surface treatment
methods that guarantee the largest increase in joint
strength.

Material and methods

The purpose of the work was to deepen the state of
knowledge regarding the impact of surface roughness on
the capacity of single-lap adhesive joint from aluminum
alloy 2024. The chemical composition of this alloy is
shown in table 1.

2024 aluminum alloy is characterized by a high strength
and high temperature resistance. Its disadvantages
include poor weldability and low corrosion resistance. It
is mainly used in the automotive, aviation, machine and
defense industries [2, 9].

The first stage of the study was to prepare the surface
of the samples for adhesive bonding. The surfaces with
a triangular outline and various height and longitudinal
parameters have been deliberately shaped. For this
purpose, the samples were milled using Jafo FWF
32J2 machine. The milling process was carried out at
a constant spindle speed n. In order to obtain various
values of surface roughness parameters, different values
of table feed v; were used (Table 2.).

Component, weight %

Si Fe Cu Mn Mg Cr

max 0,50 max 0,50 3,8-49 0,30-0,90 12-1.8

max 0,10

Ni Zn Ti \" Others” Al

max 0,25 max0,15 max 0,05 remaining

*QOthers, total < 0,15%

Table 2. Milling parameters [own elaboration]

Variant

Spindle speed n [r/min]

Table feed v; [mm/min]
30

50

140

28

70

90
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Then, roughness measurements of the treated sur-
face were carried out. The contact stylus profilometer
Taylor Hobson Surtronic 25 and TalyProfile Lite software
were used for the tests. The evaluation length was 12,5
mm.

The next step was to make a single-lap adhesive jo-
int using Loctite EA 3430 adhesive. Loctite EA 3430 is
a general purpose, two-component epoxy adhesive. It is
characterized by a high rate of cure at room temperature.
It has good gap filling properties. It is suitable for rough
and poorly adherent surfaces [14]. The dimensions of the
connection were 12.5 x 25 mm.

a) s

The final stage was to subject the joints to a static
tensile test on a Zwick Roell Z030 testing machine. The
test speed was 5 mm/min and the initial force was 30 N.

Results

The selected surface profilographs, showing the
differences in the geometric surface for different values
of table feed v;, are placed below (Fig. 1).

The milling process was carried out at a constant
spindle speed of 140 r/min. The table feed was changed
in the range from 30 to 90 mm/min. Based on the

Dlugosc= 125 mm Pt=47.8 ym Skala = 240 ym

100~
751
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Fig. 1. Surface profilographs: a) table feed 30 mm/min, b) table feed 50 mm/min, c) table feed 50 mm/min, d) table feed

90 mm/min [own elaboration]
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Table 3. The average values of the selected roughness parameters and the capacity [own elaboration]

No \7 Ra Rz Rv Rsk
" [mm/min]  [um] [um] [um] [um]

1 30 8,87 35,83 17,17 0,100

2 50 15,87 58,40 28,30 0,09

3 70 17,93 75,90 36,23 0,13

4 90 20,83 101,33 41,97 0,63

profilographs showed above, it can be seen that as
the table feed increased, the surface roughness of the
samples increased.

The table above presents the average values
of selected roughness parameters and capacity of
connections (Table 3.)

The highest capacity of the adhesive connection
was obtained for samples whose surface was treated at
a table feed of 90 mm/min, whereas the lowest capacity
was obtained for samples milled with a table feed of 30

a)
3000
2500
" E|
2000 E
1500 E
1000 . . . .
30 50 70 a0
vf [mm/min]
c)
3000
2500
PIN]

=

2000

=

1500

B

37,60

1000

79,80 107,00

Rt [um]

60,20

Rku RSm capacity standard deviation
[um] [mm] P [N] of capacity [N]
1,87 0,231 1403 259

1,80 0,377 2167 208

1,95 0,536 1836 201

2,62 0,746 2642 496

mm/min. Based on table 3, it can be concluded that as the
table feed increased, the surface roughness increased.
However, this did not quite translate into increasing the
load capacity of the connection, as evidenced by variant
3. The highest standard deviation value was observed for
variant 4. This variant is therefore characterized by the
greatest variability.

The test results were subjected to statistical analysis.
In the first step of the analysis, box plots were created.
Selected box plots are presented in figure 2.

b)

3000

2500

P [N]

2000

1500

1000

30,00 39,50 58,60

Rp [um]

18,50

3000 4

2500
P [N]

2000 4

1

1500 4

]

0,232

1000 4

0,377 0,536 0,746

RSm [mm]

Fig. 2. Box plots: a) dependence of P on v;, b) dependence of P on Rp, c) dependence of P on Rt, d) dependence of P on RSm

[own elaboration]
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Based on the graphs, it can be concluded that the
largest spread of capacity values was obtained for
the fourth variant. Moreover, in most cases the data
distribution is asymmetrical.

The next stage of statistical analysis was the one-way
analysis of variance (ANOVA) which allowed studying the

influence of the input variables (table feed and roughness
parameters) on the output variable (capacity of the
connection). Statistical significance a=0.05 was adopted.
The results of the ANOVA and regression equation
analysis are shown in table 4.

Table 4. Results of the one-way analysis of variance (ANOVA), regression equation analysis and Pearson’s correlation coefficients

[own elaboration]

Parameter Independent variable Pv1 Correlation coefficient Pv2 Regression equation
P V¢ 0,008 0,726 0,007 Yp=995,8+16,94x
P Rp 0,008 0,761 0,004 Yp=1035+26,40xg,
P Rv 0,008 0,726 0,007 Yp=753,5+40,70%g,
P Rz 0,008 0,756 0,004 Yp=896,5+16,44xX,
P Re 0,008 0,757 0,004 Yp=925,8+16,07Xg,
P Rt 0,008 0,752 0,005 Yp=920,8+15,34xg
P Ra 0,008 0,757 0,004 yp=610,0+88,30z,
P Rq 0,008 0,755 0,005 Yp=731,2+68,70xx,
P Rsk 0,008 0,666 0,018 yp=1649+1527xq,
P Rku 0,008 0,638 0,025 Yp=-70,3+1012Xg,,
P RSm 0,008 0,732 0,007 Yp=1069+1994Xzq,

P — capacity, Pv1 — probability level in the one-way analysis of variance (ANOVA), Pv2 — probability level in the analysis of the linear

correlation coefficient

Based on the Pv1 value, it can be stated that in the
adopted area of input parameter variability, values of
table feed and selected roughness parameters have
a significant impact on the capacity of the samples. What
is more, Pearson's correlation coefficients indicate quite
strong positive linear correlations between capacity and
roughness parameters or table feed. The strongest linear
correlations occur between strength and Rc, Rz and Rq
parameters. This is confirmed by Pv2 values, which are
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lower than 5% for all independent variables. Based on
regression equations, which are a kind of mathematical
model of the phenomenon, it can be stated that in the
adopted area of variability, increasing the table feed
and thus increasing the roughness parameters of the
glued surface, contributes to increasing the capacity of
the tested adhesive joints. The results of the regression
equation analysis for the selected roughness parameters
are presented below (Fig. 3.).
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Fig. 3. Graphs and regression equations: a) dependence of P on v;, b) dependence of P on Rp, c) dependence of P on Rt, d) de-

pendence of P on RSm [own elaboration]

The last step of the analysis was conducting
Student’s t-test, in which the average capacity values for
four different surface treatment variants were compared
(Table 5).

The results of the Student's t-test prove that the use
of different table feed and thus achieving different values

Table 5. Student's t-test results

of roughness parameters causes a significant difference
between the capacity of most compared samples (in the
adopted variation area). This difference is most evident
in the samples milled at a table feed of 30 mm/min and
50 mm/min.

Pv [%] vf =30 mm/min V; =50 mm/min V; =70 mm/min v; =90 mm/min
v;= 30 mm/min -
V; =50 mm/min 0,890
V; =70 mm/min 4,407 5,931 -
V; =90 mm/min 1,652 11,684 4,548 -
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Conclusions

The use of machining treatment such as milling
enables a deliberate constitution of surface roughness.
Based on the analysis of the impact of selected roughness
parameters on the capacity of 2024 aluminum alloy
adhesive joints, it can be concluded that in the adopted
area of input parameters variability, increasing table feed
contributes to increasing the surface roughness, which in
turn translates into increased joint load capacity.

The statistical analysis shows that the values of the
considered roughness parameters significantly affect the
capacity of the connections. Furthermore, the analysis of
regression equations and linear correlation coefficients
indicates a fairly strong linear correlation between the
capacity and roughness parameters of the samples.
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COMPARATIVE ANALYSIS OF WETTING ABILITY OF ALUMINUM SHEETS
WITH DIFFERENT SURFACE ROUGHNESS PARAMETERS BY EPOXY
ADHESIVE

Analiza poréwnawcza zdolnosci zwilzania przez klej epoksydowy blach
aluminiowych o réznych parametrach chropowatosci powierzchni
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Abstract: The article presents the analysis of the wetting ability by Epidian 5 epoxy resin with hardener Z1 of EN AW-2017A
aluminum alloy sheets. The material sheets were subjected to the selected methods of processing in order to obtain different
parameters of the geometric development of the surface. The energy state of the surface layer was examined on the prepared
surfaces, taking the polar and non-polar free surface energy components into account. On the basis of the obtained results,
wetting envelopes were determined, which represent the limit value of the surface energy components of the wetting liquid,
ensuring good wetting. As part of the research, an analysis of the possibilities of achieving maximum adhesion work between
a solid and a liquid in the event of changes in the contact angle was also conducted. This analysis allows one to determine how
the parameters of the test adhesive deviate from the ideal, i.e. those for which the surface tension at the interface reaches the
minimum value. Based on the results of the analysis, a summary was prepared, showing the ability of the adhesive to wet surfaces
with different roughness parameters.

Keywords: free surface energy, contact angle, aluminum alloy, epoxy adhesives

Streszczenie: W artykule przedstawiono analize zdolnosci zwilzania przez klej Epidian 5 z utwardzaczem Z1 powierzchni
blach ze stopu aluminium EN AW-2017A. Blachy poddano wybranym sposobom obrébki w celu uzyskania odmiennych
parametréw rozwiniecia geometrycznego powierzchni. Na tak przygotowanych powierzchniach przeprowadzono badania stanu
energetycznego warstwy wierzchniej z uwzglednieniem sktadowej polarnej i niepolarnej swobodnej energii powierzchniowej. Na
podstawie otrzymanych wynikéw wyznaczono krzywe zwilzania, ktére przedstawiajg graniczng wartos¢ sktadowych swobodnej
energii powierzchniowej cieczy zwilzajacej, zapewniajgce uzyskanie dobrego zwilzania. W ramach badan przeprowadzono
réwniez analize mozliwo$ci osiagniecia maksymalnej pracy adhezji miedzy ciatem statym, a cieczg w przypadku zmian kata
zwilzania. Analiza ta pozwolita na okreslenie na ile parametry badanego kleju odbiegajg od idealnych, czyli takich, dla ktérych
napiecie powierzchniowe na granicy faz osigga warto$¢ minimalng. W oparciu o uzyskane wyniki analiz dokonano zestawienia

obrazujgcego zdolnos¢ kleju do zwilzania powierzchni o réznych parametrach chropowatosci.
Stowa kluczowe: swobodna energia powierzchniowa, kat zwilzania, stop aluminium, kleje epoksydowe

Introduction

Adhesive technology, due to a number of its
advantages, is of a great importance in industrial
production. In particular, it has found applications
in the aerospace, automotive or maritime industries
to connect aluminum structures. Bonding offers the
possibility of joining elements with large surfaces made
of various materials that may vary in thickness. The
structures produced using the mentioned technology
are characterized by a lower weight and lack of thermal
deformation or residual stresses that arise due to heating
[8, 14, 15].

As research shows, one of the important factors
affecting the creation of adhesive joints is to achieve
a strong adhesive bond [3, 4, 10, 12]. This is possible
through the selection of a suitable adhesive, which
would be characterized by a lower value of surface
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free energy than the material that we want to connect.
It is also important to maintain a balance between the
polar and dispersion components of the surface free
energy of adhesive and the joined elements. Knowledge
of the energy properties of the surface of the material
and the applied adhesive composition makes it possible
to conduct a wettability analysis that helps to assess
the accuracy of the selection of the adhesive or the
application of a specific method for preparing the surface
of the material. Analysis using wetting envelopes can
be an effective, simple, safe and economical tool for
assessing the strength of an adhesive joint in the aspect
of optimizing adhesive properties [5, 6, 11].

Aluminum alloy surface is normally covered with
a naturally formed oxide layer on the surface and
adsorbed impurities which must be removed to provide
a strong adhesive bond. For this purpose, various
mechanical, chemical or electrochemical methods of
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surface treatment are used. These methods not only
ensure sufficient surfacing in the geometrical sense by
shaping favorable horizontal parameters from the point
of view of gluing technology but also change the energy
properties of the surface layer of the material. Chemical
methods involving digestion in acidic or alkaline baths
or the application of adhesive agents in the form of e.g.
silicone compounds are not environmentally friendly.
Therefore, they require the use of complicated process
installations and appropriate procedures for dealing
with consumed chemical compounds. All this means
that simple, safe and effective methods of improving the
quality of adhesive joints are sought after [1, 2, 7, 9, 10,
13, 16].

The aim of the study is to determine whether
knowledge of wetting envelopes, representing the limit
values of the components of surface free energy of the
liquid ensures a good wetting, can be helpful in the design
of adhesive joints.

Methodology

The wetting ability analysis of adhesive Epidian 5 with
Z1 hardener was performed for EN AW 2017A aluminum
alloy sheets subjected to selected machining methods to
obtain different surface geometrical parameters.

Samples with dimensions of 25 x 100 mm and
a thickness of 2 mm were prepared according to the
variants presented in Table 1.

Tab. 1. Variants for the preparation of EN AW-2017A aluminum
alloy samples

Variant Method of treatment
A Untreated
B Treatment with non-woven fabric with a grain
size of 80
Treatment with non-woven fabric with a grain
(o .
size of 180
D Treatment with non-woven fabric with a grain

size of 320

For this purpose, disks of abrasive material of
different grain size were used (Table 1). Each sample
was processed according to the scheme presented in
Fig. 1. Three alternating tool transitions to the workpiece
were carried out.

After the treatment, the samples were cleaned in
two stages with a Loctite 7061 degreasing agent. The
first stage consisted of washing the samples twice with
a degreasing agent and wiping them with a paper towel.
In the second stage, after cleaning the samples, the
degreasing agent was allowed to evaporate.

The HOMMEL TESTER T1000 contact profilometer
was used to measure 2D surface roughness parameters.

3200 rpu/min

Non-woven

fabric

x3
—

x3

Fig 1. Diagram of processing of EN AW-2017A aluminum alloy
samples

The length of the elementary section was selected in
accordance with the recommendations of PN-EN ISO
4288: 2011 and equaled 0.8 mm. Measurement of
surface roughness parameters was repeated five times
for all variants of the treatment.

Surface-free energy and its components, for the
treated samples of EN AW-2017A aluminum alloy, were
determined using the Owens-Wendt method [17]. On
the surface of EN AW-2017A aluminum alloy samples
treated with non-woven fabric with different grain size
(Table 1), droplets of measuring liquids: distilled water
and diodomethane, with a volume of 4 pl, were dosed.
The tests were repeated twenty times for each treatment
variant. Distilled water is a strongly polar liquid and its
value of polar component SEP y% is 51 mJ/m? with the
total value of SEP y, equalto 72,8 mJ/mZ2. Diodomethane,
on the other hand, has a polar component of 2.3 mJ/m?
and a dispersion component of 48.5 mJ/m?.

On the basis of the surface tension measurements,
the components of surface free energy of Epidian 5 resin
with hardener Z1 were determined by the hanging drop
method. Using a syringe, 20 ul droplets of epoxy adhesive
were dispensed and 20 surface tension measurements
were carried out. Then, with an NICHIRYO Le-20
automatic pipette, 5 £+ 0.02 pl epoxy adhesive drops
were placed on the surface of the DCO steel (the total
surface free energy of the value 30,3 mJ/m?, non-
polar component — 28,3 mJ/m?) and 20 wetting angle
measurements were taken. The measurements were
carried out at 21°C = 1.The components of the surface-
free energy of the adhesive were determined on the basis
of the intersection of the wetting envelope determined on
the basis of the contact angle measurements with DCO1
steel with a straight line representing the value of the
surface tension of the adhesive [6].
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Surface tension and contact angles measurements
that were used for the calculations were performed on the
KRUSS DSA30 goniometer using an automatic module
for obtaining and analyzing the results.

Experimental results

Table 2 presents the average values of measurements
of surface roughness parameters of the EN AW-2017A
aluminum alloy subjected to the selected methods of
surface preparation. The following parameters were
registered: Ra parameter - arithmetic mean deviation of
the roughness profile and Rz parameter- the maximum
height of the profile

Based on the obtained results, it was found that
subjecting the samples of the EN AW-2017A aluminum
alloy with non-woven fabric with different grain size
contributes to the increase of recorded roughness
parameters in comparison to the untreated samples. The
greatest increase in surface roughness was observed for
samples treated with non-woven fabric with a grain size
of 80.

40,0

30,0

B

19,0 18,2

A

20,0

10,0

The surface free energy [mJ/m?]

=l
(=)

B The total surface energy ™ Non-polar part

The average values of contact angle measurements
and components of surface-free energy together with the
total value calculated using the Owens-Wendt method for
EN AW-2017A aluminum alloy subjected to the selected
surface preparation methods are presented in Table 3
and Figure 2.

Tab. 2. The selected 2D surface roughness parameters of EN
AW-2017A aluminum alloy samples subjected to the selected
surface preparation methods

Variant ! Ra [pm] Rz [um]
A Average value 0,11 0,52
B Average value 0,59 5,78
C Average value 0,40 2,79
D Average value 0,41 3,02

) variant of surface preparation method according to Table 1

39.2 30,5
26,9
21,0
20,5 18,0 .
I i ' i I :
B & D

® Polar part

Fig. 2. The results of calculation of surface free energy of EN AW-2017A aluminum alloy (variant of surface preparation method

according to Table 1)

Tab. 3. The average value of contact angle and the surface free energy determined by the method of Owens-Wendt together with
the components for the EN AW-2017A aluminum alloy samples subjected to the selected surface preparation methods

The average value of the contact angle

[l

Variant "
Distilled water Diodomethane
A 66,7 66,5
B 77,2 66,4
C 82,6 72,0
D 78,9 66,0

) variant of surface preparation method according to Table 1

36

The surface free energy

Owens-Wendt method

Non-polar Polar component

[mJ/m?] component [mJ/m?] [mJ/m?]
37,2 19,0 18,2
31,2 20,5 10,7
26,9 18,0 8,9
30,5 21,0 9,5
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The highest value of total surface-free energy was
found for the samples not subjected to mechanical treat-
ment with abrasive nonwoven. It amounts to 37,2 mJ/m?
with a non-polar component equal to 19 mJ/m?, whose
share in total surface energy is 51.1%. The use of treat-
ment using the non-woven a fiber reduces the total value
of the surface free energy. At the same time it can be
seen that the change in the share of component values
in the total surface free energy compared to the untreated
samples. The treated surfaces are characterized by lower
values of the polar component of the surface free energy
and a smaller share of this component in the total SEP
value.

The measurements of surface tension and contact
angle during the application of drops of Epidian 5 resin
with Z1 hardener on DCO01 steel samples were used to
determine the components of the surface free energy of
the tested adhesive. This adhesive is characterized by
a total surface free energy equal to 36,6 mJ/m? of a polar
component 27,4 mJ/m? [6].

Based on the determined work of adhesion curves the
values of the maximum work of adhesion between the
solid and the liquid that forms on the surface the contact
angle of a certain value were also determined. Table 4
summarizes the results of calculations.

Wetting envelopes were determined for the analyzed
variants of treatment of EN AW-2017A aluminum
alloy, which represent the representation of boundary
components of surface free energy of the liquid ensuring
good wetting (Fig. 3-Fig. 6) [6]. In the graphs, there
was marked the point corresponding to the values of
components of the surface free energy of the Epidian 5
resin with Z1 hardener.

The diagrams presented in the drawings show that
the best wetting conditions for adhesive Epidian 5 with
Z1 hardener were obtained for the surface of the EN AW
2017A aluminum alloy that had not been treated (contact
angle 6=19,48°). In the case of mechanical treatment
with non-woven fabric with different grain size, the value
of the surface free energy and the polar component of
the mentioned adhesive designate the points on the

Tab. 4. Summary of the values of the work of adhesion between the surface layer of the EN AW-2017A aluminum alloy and the
Epidian 5 with the Z1 hardener adhesive while maintaining a specific contact angle, and the maximum value of the work of adhesion

possible to be achieved under certain wetting conditions

Variant Contact angle [°] Ra [um]
A 19,48 0,11
B 46,68 0,59
(03 56,18 0,40
D 50,12 0,41

) variant of surface preparation method according to Table 1

=

Adhesion work

Max. work of adhesion Epidian 5/21/100:10

[mJ/im?] [mJim?]
76,59 71,10
74,02 61,71
69,13 56,97
74,33 60,70

........

n
2

I - SEP for untreated
EN AW-2017A aluminum alloy

¥ - SEP Epidian5/Z1/100:10

—— - wetting envelope for 6=0°
— - wetting envelope for 6=30°

—— - wetting envelope for 6=19,48°

E

| D

\

~
e

«+. -work of adhesion for 6=0°
-+ - work of adhesion for 6=30°
..... - work of adhesion for 6=19,48°

Lus* - interfacial tension for 6=0°

Total surface free energy{mJ/m?]

iy PR o

.« - interfacial tension for 6=30°

.auss - interfacial tension for 6=19,48°

0 12 24 %
Polar part [mJ/m?]

Fig 3. The wetting envelopes, adhesion and interfacial tension curves determined for untreated EN AW-2017A aluminum alloy
samples with the marked value of surface free energy of the adhesive Epidian 5 with Z1 hardener
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3¢ - SEP for EN AW-2017A aluminum alloy
treatment B

o ! 3 #¢ - SEP Epidian3/21/100:10
" . — - wetting envelope for 6=0°
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—— - wetting envelope for 8=46,68°
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Fig 4. The wetting envelopes, adhesion and interfacial tension curves determined for treated with non-woven fabric with a granula-

tion of 80 EN AW-2017A aluminum alloy samples with the marked value of surface free energy of the adhesive Epidian 5 with Z1
hardener

3¢ - SEP for EN AW-2017A aluminum alloy
treatment C

9 - SEP Epidian5/21/100:10
—— - wetting envelope for dla 6=0°

2

e Byl — - wetting envelope for 6=30°

— - wetting envelope for 6=56.18°

\§ v+« - work of adhesion for 6=0°

-+ - work of adhesion for 6=30°

— |
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\ 7 .t - interfacial tension for 6=0°

=
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5
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«uaes - interfacial tension for 6=56,18°

0 12 24 ¥* 48 60
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Fig 5. The wetting envelopes, adhesion and interfacial tension curves determined for treated with non-woven fabric with a granu-

lation of 180 EN AW-2017A aluminum alloy samples with marked value of surface free energy of the adhesive Epidian 5 with Z1
hardener

9¢ - SEP for EN AW-2017A aluminum alloy
treatment D

¢ - SEP Epidian5/Z1/100:10

—— - wetting envelope for 8=0°

5
=}

— - wetting envelope for 6=30°

e —— - wetting envelope for 6=50,12°

ve«s. - work of adhesion for 6=0°

5

«« - work of adhesion for 6=30°

/ w.., -work of adhesion for 6=50,12°
L.+t - interfacial tension for 6=0°

3
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Total surface free energy[ml/m?]

- interfacial tension for 6=30°
.ee - interfacial tension for 8=50,12°

LR g e
0 12 i 3% 48 60
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Fig 6. The wetting envelopes, adhesion and interfacial tension curves determined for treated with non-woven fabric with a granu-

lation of 320 EN AW-2017A aluminum alloy samples with marked value of surface free energy of the adhesive Epidian 5 with Z1
hardener
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charts that are further away from the wetting envelopes
illustrating very good and ideal wetting. Treatment with
non-woven fabric adversely affects the surface wettability
of adhesive Epidian 5 with Z1 hardener. This is caused by
a decrease of the polar component of surface free energy
of the treated aluminum, which in turn reduces Van der
Waals forces, and thus reduces the value of the work of
adhesion due to the increase of the interfacial tension.
The values of surface free energy for the aluminum
treated non-woven fabric are similar. The change in the
strength of connections is therefore here the influence of
mechanical and chemical adhesion.

The results of research and analyses lead to the
conclusion that the mechanical removal of the oxide layer
from the surface of the EN AW-2017 aluminum reduces
the surface energy. When comparing variants B, C and D,
it can be stated that for the accepted form of machining
geometrically developing the surface, there was no effect
on the energy properties of the surface layer and the work
of adhesion.

Presented at work charts can be helpful for analyzing
the possibility of modifying the adhesive in order to
achieve, at a given contact angle, the maximum value
of the work of adhesion. In the case of the considered
methods of preparing the surface of the aluminum alloy EN
AW-2017A, the values of the work of adhesion determined
for the theoretical contact angles formed between the
material and Epidian 5 with the Z1 hardener adhesive do
not reach the values corresponding to the maximum. this
gives the opportunity to modify the adhesive composition
to achieve optimal adhesive properties. At the maximum
value of the adhesion work, the minimum value of the
interfacial tension is simultaneously achieved. In the case
of Epidian 5 with hardener Z1 adhesive, to achieve this
state, it was necessary to reduce the polar component of
the surface free energy.

Conclusions

The analysis of the wetting ability of the Epidian 5
with hardener Z1 adhesive of the surface of the EN AW-
2017A aluminum alloy subjected to the selected methods
of treatment in order to obtain different parameters of
the geometric development of the surface allowed for
the determination of theoretical contact angles between
the analyzed adhesive and the material. On the basis
of studies it was found that despite the increase in the
surface roughness parameters favorable from the point
of view of adhesion, treatment with non-woven fabric
adversely affects the values of the surface free energy of
the EN AW-2017A aluminum alloy as a result of removing
the high-energy oxide layer.

The best ,matching" of the adhesive and the material
was obtained in the case of untreated samples. The points
characterizing Epidian 5 with hardener Z1 adhesive are
closest to the wetting envelopes corresponding to the ideal
wetting angle. In order to ensure the perfect wettability of
the EN AW-2017A aluminum alloy surface treated with

non-woven fabric, one should strive to reduce the total
surface free energy of the adhesive compositions to
values close to the value of the surface free energy of
the material, with particular regard to its polar component.

The analysis of the surface free energy of epoxy
adhesives for a construction material subjected to the
selected methods of surface preparation allowed for
a quick analysis of the adhesive's ability to wet the surface
of materials. Knowing the components of the free-surface
energy of the adhesive, it can be determined without the
need for destructive testing, whether it will be able to wet
the surface of the material well and what value of work of
adhesion will be achieved. The presented analysis allows
one to determine the adhesive-surface configuration
allowing to achieve optimal adhesive properties.
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ANALYSIS OF FLAT COMPENSATOR LAPPING IN AN ASSEMBLY PROCESS

Analiza docierania kompensatora ptaskiego w procesie montazu
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Abstract: An approach to analysis of lapping of flat compensator during the assembly of the structural connection was
demonstrated. Machining main time and the costs of single-disc lapping process were presented.
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Streszczenie: Przedstawiono sposob analizy docierania kompensatora ptaskiego podczas montazu potgczenia
konstrukcyjnego. Wyznaczono czas gtéwny obrébki i koszty operacji docierania jednotarczowego.
Stowa kluczowe: montaz, kompensator, docieranie, analiza

Introduction

Abrasive machining, mainly grinding and lapping,
is often applied in the process of the assembly of
machine structures, in the case of individual fitment of
the components of a given joint or application of the
technological compensation [2, 3]. WWhen compensative
assembly method is employed, the required length of the
closing link is achieved by changing the dimension of one
of the component links of the chain of dimensions. It is
very important to specify the offset correctly, so as it is not
too large because it would extend the time consumption
of the assembly process. The advantages of this

compensative assembly method include the possibility
of producing the components with larger tolerances. The
time consumption of the compensator lapping in the link
assembly process makes this method applicable in piece
production and low-rate production. Machine lapping is
being applied in order to shorten the machining time as
much as possible.

In case of unilateral lapping of flat surfaces, a single-
disc lapping machines are used, including both machines
with weight ballast (Fig. 1a and 1b) — placed in specially
designed separators (Fig. 1.e) and machines featuring
pneumatic assemblies ballasting lapped parts — through
elastic supports (Fig.1c and 1d).

Fig. 1. Single-disc lapping machine: a) model 15 produced by Kemet [6], b) model 06-01 produced by GMT [5], ¢c) model FL-15
produced by Engis [4], d) model LSP-6 produced by Lapmaster [7], e) sample separator
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Fig. 2. Double-disc lapping machine: a) model ELC 900 produced by Melchiorre [8], b) model DLM 705 produced by Stéhli [10], c)
model AC1000-F produced by Peter Wolters [9], d) sample separator

When flat-parallel elements are being machined, it is
possible to use double-disc lapping machines (Fig. 2a -
2c), in this case the separators (Fig. 2d) are, at the same
time, elements of the circulatory drive system. Due to the
piece and low-rate production of the wares, machining
of the compensators should be carried out with lapping
machines featuring lapping discs of the appropriate
diameters (usually of small dimensions), so that a single
leading ring (in case of a single-disc lapping machine) or
at least four separators (in case of double-disc lapping
machines) contain at least four machined pieces. In
a double-disc system it is possible to place only one
machined element in each separator. Such a situation
can also occur in case of a single-disc lapping machine
when the dimensions of a machined compensator are
relatively large (in relation to the outer diameter of the
leading ring).

The paper presents a method of selecting the
conditions of lapping of a single-disc flat compensator.
Due to the fact that each lapping machine allows precise
setting of the duration of machining, it is vital to set this
basic parameter in such a way as to avoid frequent
breaks for measuring the height of a compensator.

Lapping technology
In order to develop the guidelines for machining

conditions, lapping experiments were conducted on
a single-disc lapping machine with standard (ring)

42

kinematic system (Fig. 3). Actuating system of the lapping
machine consists of three leading rings 7, cast-iron (EN-
GJL250) grooved lapping disc 2 (outer diameter 380 mm),
abrasive suspension dispenser 3, rollers 4 — keeping the
turning leading rings in a specific position on the disc 2
and reflective sensors 5 measuring the rotational speed
of the rings 7. Lapping disc features stepless adjustment
of the rotational speed and machining duration in with the
precision of 1-second.

The time consumption of machine lapping is
influenced by many factors, including mainly material and
technological conditions associated with the machined
element, abrasive suspension, lap and exerted pressure,
as well as kinematic parameters resulting from the applied
actuating system of the lapping machine.

Fig. 3. Single-disc lapping machine Abralap 380
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Main time of lapping tg of a single filling of separators
with workpieces (a batch of elements machined at the
same time) can be specified with this formula:

t, = q(A-v-p-kv-kp-kz-ke)" 1

where:

g — lapping offset (unilateral) [mm],

A — constant depending on the type of a machined
material [mm?/daN],

v — average lapping speed [m/min],

p — unit pressure [kPa],

k, — coefficient of the influence of lapping speed,

k, = coefficient of the influence of unit pressure,

k, — coefficient of the influence of the size of abrasive
grains,

k. — coefficient of the influence of the liquid components
of abrasive suspension.

Table 1 contains the experimentally determined
values of the constant A and coefficients in the formula
(1) during lapping with a suspension based on normal
artificial corundum.

For example, in the case of the considered unilateral
offset for lapping a ring flat compensator (made of carbide
construction steel in a mild condition) with g = 0,05 mm,
an element whose surface roughness after lapping should
not exceed Ra = 0,16 ym, a suspension of micro-grains

Table 1. Data for calculating the lapping time

of artificial corundum 95A number F360/23 was selected.
For the adapted unit pressure p = 100 kPa, average
lapping speed of 60 m/min and application of liquid
suspension (volumetric composition: 50% of machine
oil and 50% of petroleum) table 1 yields: A = 448-10,
k, = 0,73, k, = 0,54, k, = 0,62 and k, = 0,84 (determined
average value). Therefore, bearing in mind formula (1),
main time of lapping ty is 10,8 min. As it was exhibted in
further experiments, when abrasive suspension based on
green silicone carbide (the same grain number) and p = 80
kPa were applied, main time obtained was ty= 13,5 min.
When lapping is underway, it is necessary to measure
the height of compensator, disturbing the process before
the calculated time t; (approx. two minutes earlier).
Afterwards, the machining process should be completed
in order to obtain the required assembly dimension. When
suspension is constantly supplied, it can be assumed that
linear performance of lapping is maintained throughout
the operation at undeviating level.

In the case of a single-disc lapping, the applied
kinematic system (Fig. 4) includes a lapping disc 1
(outer diameter R;) rotating with angular velocity o, and
workpiece separators 2 (fitted in a leading ring with inner
radius r,) rotating concurrently with velocity w, (angular
velocity of an imaginable yoke o, = 0). Speed of a specific
point P located on the surface of a machined workpiece 3
is described (in time function t) by relation [2]:

Values of the A constant and coefficients in the formula for calculating the main time of lapping

Machined material

Steel in mild condition
Hardened steel

Steel in mild condition
Hardened steel

Steel in mild condition
Hardened steel

180 F240/45 F280/37

Steel in mild condition 1 0,91
0,89

Hardened steel 1

Type of liquid

Machine oil
Petroleum
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A [mm?/daN]

448 - 10
374 - 10°%

Lapping speed v [m/min]
10 20 30 40 50 60
Coefficient k,

1 092 08 081 077 073
1 085 0,76 0,70 064 0,60
Unit pressure p [kPa]

50 60 70 80 90 100
Coefficient k,,

1 083 074 066 059 054
1 081 073 065 058 052
Size of an abrasive grain
F360/23 F400/17 F500/13 F600/9
Coefficient k,
0,85 0,62 0,55 0,45 0,38
0,82 0,60 0,51 0,41 0,33

Liquid component of abrasive suspension
Coefficient k,

1
0,67
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vp(H) = o [R?+ 12 - k*+2R "1 k- cos(w, - )]'?  (2)

where coefficient

k= (0, — 0,)/o, 3)
Figure 5 presents, for example, the variability of

lapping speed for a standard single-disc lapping machine

at various distance r of the center of a lapped workpiece
to the center of the separator (Fig. 4).

0%

Knowing the arrangement of lapped compensators
in separators and other geometrical and kinematic
parameters of the system (including the location of the
separator center) formula (2) can be used to determine
the value of angular velocity (thus rotation speed) of the
lapping disc as a mean value — calculated from the initial
and final value of the cycle of variations.

Material costs of lapping are mainly influenced by
the output of abrasive suspension which, in the analysed
case, is 1.65 ml/min. Taking into consideration the costs
of man-hour amounting to 23.70 PLN [11] it is possible
to determine a price of lapping a flat technological
compensator amounting to 11.06 PLN if normal artificial
corundum grain is applied in the process or 13.54 PLN if
the suspension of green silicone carbide (with the same
grain number) is used.

General remarks

Lapping is not the only machining method applied in
the assembly process with technological compensation
or in individual fitting of components. Standard grinding
or cutting is also applied. In the case of time-consuming
manual grinding, the duration of the operation is
significantly longer than the duration of machine lapping
and, in approximation, it is proportional to the dimensions
of the machined surface of a compensator. One of
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Fig. 5. Values of the instantaneous lapping speed in a system of a standard single-disc lapping machine for: a) r = 40 mm,
b) r=30mm, c) r=20 mm, d) r =10 mm (R = 65 mm, wt = 3w rad/s, w2 = 0,21 rad/s)
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the advantageous solutions includes the application
of grinding with lapping kinematics [1,12,13], which is
a method that allows a significant increase of performance
— at comparable shape-dimension precision and quality
of the machined surface. An important advantage of
this innovative machining method on lapping machines,
mostly double-disc type, for flat surfaces lies in facilitating
the post-process cleaning of workpieces and minimizing
the risk of contaminating the surface of workpieces
with grinding micro-grains. Successive decreasing of
(still high) costs of uniform and segment disc tools for
lapping also as far as single-disc lapping machines are
concerned, will probably allow finishing machining of flat
compensators on a single machine without the need for
applying initial grinding. In case of the individual fitting of
the components of assembly joint, lapping with a loose
abradant is still a correct machining process, especially
when a high precision of a construction node is required.
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