https://doi.org/10.33271/nvngu/2021-5/061
Khaleel Abushgair,
orcid.org/0000-0002-2992-0332

Faculty of Engineering Technology, Department of Mechan
ical Engineering, Al–Balqa Applied University, Amman,
Jordan, e-mail: abushgair@bau.edu.jo

ELASTIC, INELASTIC AND TIME CONSTANT MEASUREMENT
FOR M102 (AL–C–O) DISPERSIONS-REINFORCED ALUMINUM ALLOYS
Purpose. To conduct an experimental study on M102 aluminum alloy bulk content characterization under cyclic loadings for
precision applications such as balance machines, optical, and laser instruments. M102 (AL-C-O) dispersion-reinforced alumi
num alloy was chosen because of its ability to withstand temperatures beyond 200 °C and has a better strength than precipitationhardened Al alloys at room temperature. A CNC milling machine is used to manufacture test samples with longitudinal machining
directions. A constant time interval is set for the fabric – a quarter-hour span, which is based on the investigation of inelastic and
plastic deformations in the nanoscale.
Methodology. An electromagnetic test instrument applies a tensile stress range of 10 to 145 N/mm2 to samples with particular
shape. It should be noted that interferometers and capacitive sensors were used to measure all forms of deformations with and
without loading. The experiments are carried out in a temperature-stable environment of 30.5 °C; measurements are taken within
a residual strain range of 10 microns.
Findings. The results obtained show that results for inelastic deformations for samples of longitudinal cuts direction at 30.5 °C
were measured under 150 N/mm2 stress as 500 nm inelastic deformation and 100 nm plastic deformation were measured, which is
much higher than aluminum alloy studied before at room temperature (20 °C). Furthermore, it was found that the time constant
of the M102 (AL–C–O) aluminum alloy samples was double times higher than that for other samples,
Originality. For the first time, a study has been conducted on inelastic and plastic deformations in the nanoscale for character
ization of M102 aluminum alloy bulk content under cyclic loadings for precision applications.
Practical value. One of the main factors affecting the using of other materials than steel in precision applications such as bal
ance machines, optical, and laser instruments is measurement and determination of inelastic, plastic and time constant of the
process of delamination of materials of different aluminum alloys since they are nonmagnetic, are easily machined and shaped.
This will bring new products and opportunities for these materials.
Keywords: M102 (AL-C-O) aluminum alloy, inelastic deformation, plastic deformation, time constant, cyclic loadings
Introduction. The use of simple test equipment previously
designed and built for investigating and measuring plastic de
formation, inelastic deformation, and time constant for
monolithic spring joints under cyclic loadings is provided
throughout this study. Aluminum is appealing for a variety of
applications due to its low density. Traditional aluminum ma
terials, on the other hand, are not well suited to high-temper
ature applications (e. g., engine and turbine construction)
since their strength drops dramatically as temperature rises.
The continuous range of usage for precipitation-hardened Al
alloys is limited to a maximum of 200 °C [1–3].
The lightweight, high strength-to-weight ratio, high tem
perature strengths, aging effects on tensile strength and tough
ness, and creep make dispersion-strengthened aluminum al
loys and composites particularly appealing. Particulate or
whisker reinforcement improves their ability to withstand high
temperatures. By integrating SiC particulate into a rapidly so
lidified, high-temperature AL–C–O (alloy M102) matrix,
high-temperature discontinuously reinforced M102 alumi
num composites for elevated-temperature applications were
produced. To temperatures reaching 500 °C, this composite is
comparable with Ti-6A1-4V and steel monoblocks in terms of
specific stiffness [3, 4].
To improve heat resistance, procedures for producing dis
persion-hardened Al-based materials have been devised,
which involve physically alloying ceramic particles in a powder
mill and then extruding them at temperatures up to 500 °C.
Dispersoids such as oxides and carbides are employed. The
particles are 50 nm in size [5, 6].
M102 (AL-C-O) dispersion-reinforced aluminum alloys
were chosen because they are suitable for temperatures beyond
200 °C as well as have better strength at room temperature than
precipitation-hardened Al alloys. This material’s creep resis
tance is also stated to have been improved [4].
Longitudinal machining directions are used to prepare test
samples. Fabric Nano stability is critical for ultra-precision
applications including high-frequency inertial and weight© Khaleel Abushgair, 2021

balancing measurement devices, high rotation speeds laser op
eration and optical equipment, and small-scale machines.
Micro-electro mechanical systems (MEMS Semiconductor,
LCD, Solar panel production equipment, Robots, Medical
equipment, OA equipment, various molds and tools make an
other sophisticated application that is concerned with material
micro stability since it influences not only the accuracy but
also durability of this systems [7–9].
Nano stability, on the other hand, is required for shortterm loadings (impulses, shocks, and vibrations) as well as me
dium- to-long-term loadings without load relaxation of inter
nal stress or imbalance required critical stability requirements
and was infected by temperature increases [10–12].
The purpose of the project is to concentrate on inertial ap
plications, specifically precise weighing scales. Steel monob
locks, which are considered mechanical elements, make up
most of the components of such scales. An electromagnetic coil
is used to apply cyclic loadings to the samples and transfer the
block deformation to the output measurement equipment. After
the load is discharged, block samples should quickly revert to
their original dimensions in each cycle [1]. It is worth noting
that the time constant of examined samples, which is the
amount of time it takes to complete the process, should be very
low [13–15].
These are the disadvantages of the steel monoblocks
utilized in this weighing scale, which are being evaluated in
this research. As a result, the load measurement method
necessitates ultra-precision while weighing at a high fre
quency and maintaining a high level of stability. As a result,
substituting other materials for these elements to confirm
the above-mentioned properties should be explored for
such scales. Many common materials, such as chromium
and nitrogen-containing steels (carbon steels), maraging
(non-carbon) steels, bronze (mainly beryllium-containing
alloys), and titanium, are now used for stability purposes.
To achieve the desired strength, these materials are solution
treated, quenched, and aged. Steels, on the other hand,
have a higher magnetic permeability than aluminum alloys,
which are cheaper, easier to manufactured, with lower
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modulus of elasticity value which will increase flexure
thickness [16–18].
Another goal of this project was to compare the mechani
cal properties of different M102 (AL–C–O) dispersion-rein
forced aluminum alloys to conventional steel monoblocks and
diverse aluminum alloys we examined in prior research work
in high-frequency weight measuring devices [1, 2, 19]. In highfrequency weight measurement systems, the indicated alloys
were evaluated as a replacement for standard steel monob
locks. The testing load (pulling forces) range was adjusted to
0.2 to 200 N with a programmable factor of 1.1 to 1.4 at a quar
ter-hour constant time through the electromagnet unit for
sample deformation.
Two interferometers and two capacitive sensors are put in
various spots on the sample to measure deformation with and
without loading. The general testing machine runs in an iso
thermal environment with a temperature-stable housing, and
the measured characteristics include plastic, elastic, and in
elastic deformation.
Experimental Setup and Specimen design. 40 mm width,
200 mm length, and 20 mm thickness samples were made of
M102 (AL–C–O) dispersion-reinforced aluminum alloys.
2 thin flexures (mid-cross-section [0.1 × 20 mm2]) that can
carry variable tension and compression loads were manu
factured utilizing a precision milling machine with dia
mond cutting tools to detect the specimen slight deforma
tion.
The specimen was clamped in a three-point stress-free
clamping system within the miller. Early deformation is avoid
ed by free cutting the flexures at the start of the test, which
keeps residual stresses produced during the machining process
close to the surfaces. The specimen was heat-treated, and the
securing portions were loosened just before the test began.
Fig. 1 depicts the specimen geometry and illustrates the cut
ting directions as longitudinal or orthogonal.
Deformation measurement. Two capacitive sensors and
two interferometers were used to measure the deformation
of the object with ultra-high precision. The capacitive sen
sors are glued to one side of the specimen in various loca

tions. In addition, the interferometers are all on the same
surface. Small steel foils were employed to achieve a mag
netic connection with retro-reflectors, it should be noted. In
addition, the applying force hook was attached, and the in
terferometer was thus initialized by adjusting the retro,
which may freely move on the surface and is only held in
place magnetically.
Test machine. The test machine is used to regulate the
loading time, which can range from a fraction of a second to
several hours.
The test setup machine is made up of aluminum frame
with a length of one meter and 4 elephant foot legs that con
nects the specimen with a quadratic opening to the clamping
frame, as well as two cylindrical bearings that connect the in
terferometer and a force transmission wire. The voice-coil is
held in place by the upper plate, which may be clamped to ad
just the devices. Ferro-fluid within the air gap enhances the
connection of the voice-coil and the magnet for insulation.
Furthermore, great attention is paid to prevent thermal defor
mations of the voice-coil and magnetic assembly from trans
ferring to the specimen during measurement. A force trans
ducer, capacitive sensors, and electronic gadgets are among
the other components (not shown within the figure). Fig. 2
depicts a schematic test machine.
Experimental procedures. The experimental machine is
completely isolated from the surrounding environment to un
dertake ultra-precision measurements. The specimen was
clamped within the clamping frame to begin the experiment.
The data was collected by interferometer, with capacitive sen
sors, interferometer resolution of 10 nm, capacitive sensor

a
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Fig. 1. Tested workpiece and cutting directions (a). An illustration of the geometry of the workpiece (b). Designation applies to longitudinal and orthogonal cuttings [1, 2]
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Fig. 2. Test machines and workpiece fixing mechanisms (a).
A drawing of the assembly of test machine place gathering
accommodate (b), drawing of the assembly of test machine
main parts. (c) drawing of workpiece fixing position on test
machine [1]
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resolution of 0.3 nm, temperature resolution of 0.001 K, mea
surement, and control of out of doors temperature of 1.0 K,
and out of doors vertical vibration of 100 nm suppressed by
isolators to 10 nm and digital data filtering to below 1 nm are
among the experimental conditions. Moreover, a test cycle
typically lasts a few minutes to allow for the storage of capaci
tive and interferometer data in order to correct for residual
temperature effects. After that, cyclic loads with delays are
used to isolate the elastic recovery from the plastic strain after
unloading. In the next cycle, the loading force is increased by
a programmed factor, typically 1.1 to 1.4.
Results and discussion. This paper includes experimental
testing and analysis into the feasibility of using M102 (AL–C–
O) dispersion-reinforced aluminum alloys, which are primar
ily suitable for high-temperature applications, in precision
monolithic spring joint systems. The pulling force acting on
the test samples was created using an electromagnet. An inter
ferometer and a capacitive sensor are used to measure the de
formations caused by the force in question. In a temperaturestable housing with an integrated measurement unit, inelastic
and plastic deformations are explored with a tensile stress
range of 10–160 MPa. The measurement is down to a residual
stress of less than 10-6. Experimental measurements are listed
in Table.
Plastic and inelastic strain/stress. As temperature has high
influence on measured properties of tested samples, it is es
sential to be sure that it did not change during test.
Fig. 3 shows workpiece temperature measurement. It is
clear that during the test time (80 000 Second) difference in
temperature is less than 0.5 degree, which is perfect, and gives
good indication about the insulation method we used.
When a solid material is subjected to an external force larg
er than the internal atomic structure force, plastic deformation
occurs, and the material is deformed to an irreversible perma
nent state upon force removal. It is worth noting that this type
of distortion is significantly less than that seen in the inelastic
scenario.
Fig. 4 depicts the relationship between plastic deformation
and tensile stress applied to a specific specimen manufactured
from M102 (AL–C–O) dispersion-reinforced aluminum alloys
longitudinally machined in a range of stress 10–150 N/mm2. It
should be noted that identical materials were utilized through
out the current experimental setup, which assessed plastic strain
twice using both interferometer and capacitive sensors (KS).
Plastic deformation findings acquired by measurement meth
ods described earlier for fiber longitudinal machining directions
starting at a stress value of 80 N/mm2 when plastic deformation
is exactly proportional to tensile stress are clearly seen to follow
the same trend. As a result, each sample experiences maximum
plastic strain at a tensile stress of 150 N/mm2, which is still quite

Inelastic deformation
capacitive sensor
(nm)

Plastic deformation
interferometer
(nm)

Plastic deformation
capacitive sensor
(nm)

0.02673

0.0259

1.04347

2.3478

3.67164

2.2280

0.0443

1.08695

1.9565

4.62325

4.9204

33.95

0.0977

7.30434

4.3043

4.79771

4.967

0.09126

Time constance
capacitive sensor
(s)

Inelastic deforma
tion interferometer
(nm)

9.84

16.33 0.04321

Time constance
interferometer
(s)

Stress
(N/mm2)

Table
Inelastic, plastic deformation and time constant for different
applied stress for the M102 (AL–C–O) dispersions-
reinforced aluminum alloys workpiece

70.23

0.21521

0.2218

11.8695

15.173

4.71428

5.717

140.3

0.49291

0.4946

91

100.13

5.29148

6.624

Fig. 3. Workpiece temperature during the test

Fig. 4. Plastic deformation M102 with longitudinal cutting direction
minimal when compared to inelastic deformation. For mea
surements using interferometer (IF) and capacitive sensors
(KS), maximum values of plastic deformation are recorded as
100 and 90 nm, respectively. This indicates that distortion un
der consideration for the M102 (AL–C–O) material is around
90 times greater than 2024 aluminum samples examined in
prior research [2].
Furthermore, both interferometer (IF) and capacitive sen
sors performed well at a stress of 145 N/mm2 for an orthogo
nally machined enclosure (KS). With minor differences, mea
surement endures essentially the same plastic distortion. The
material utilized has a tensile strength of 700 N/mm2 and a
yield strength of 450 N/mm2 at room temperature. The vari
ance is very high, and the results of the interferometer and
white capacitive sensors in a wide measuring range change
when the stress exceeds 100 N/mm2. It should be noted that
the test satisfied its metrological probability for measuring
plastic deformation. This is the result of electronic drift and
temperature changes.
When evaluating the spread of the measured locations
from about 150 N/mm2, it is worth noting that the measure
ment findings are more than enough at 20 nm apart.
At 80 N/mm2, the difference in sample quality is visible
again, where the material changes the slop and form of the
measured strait line of the measured values. The difference of
approx. 70 nm is shown in this diagram.
Previous research on aluminum 2024 L samples was con
ducted [2]. In comparison to M102, the plastic deformation
behavior in the range of up to 40 N/mm2 is radically different
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(AL–C–O). Plastic deformation, on the other hand, hap
pens at the start of the endeavor against the tensile force,
2024 L for the samples. Due to plastic deformation, the two
higher readings (80 and 150 N/mm2) were recorded at lower
deformation than the tensile samples. Up to 80 N/mm2 for 14
minutes with 15 minutes between eachwhich is particularly
noticeable.
Fig. 5 depicts the inelastic deformation of M102 (AL–
C–O) dispersion-reinforced aluminum alloys as a function
of stress. Under stress values of 10 and 150 MPa, a minimum
of 20 nm and a maximum of 500 nm deformation were de
tected.
Since inelastic deformation occurs because of microcreep in the material induced by the movement of the atomic
layers in the spring joint during the loading process, the mea
sured value of inelastic deformation was found to be small
enough. The glides return to their original position after the
weight is released.
The strain on the joints and the pollination period over the
previous several hours can influence this behavior. When the
stress is increased, however, the material atoms spread further
apart without breaking, reaching the yield point, resulting in
plastic deformation.
Since this is aluminum that is particle-reinforced with sili
con carbide. The particles are 50 nm in size and should be evi
denced by a slight inelastic deformation of the material.
Unfortunately, this is not the case here. The material is
(even with low loads) significantly worse than all other materi
als. The reason for this is unknown.
The inelastic deformation is worse by a factor of 20 at all
load points. This material is certainly not suitable for a dynam
ically working measuring cell.
A load of 10 N/mm2 in the tension joint already shows a
deformation of 26 nm. The material seems to have very high
flow properties. The properties of M102 (AL–C–O) disper
sion-reinforced aluminum alloys shown at the beginning of
this chapter cannot be confirmed here. As before with inelastic
deformation, the material already shows high plastic deforma
tion even at low loads.
Time constants. For the tested alloy, Fig. 6 shows the read
ings of inelastic deformation, plastic deformation, and the
time constant during the loading-unloading cycle. The deter
mination of time constants immediately following the mea
surement point in each time period. Because inelastic defor
mation is an exponential function (1/e), determining the
slope of this line with the discharge curve requires intersecting
with horizontal lines, in which the inelastic deformation van
ishes, and intersecting the line y = first measuring point with

Fig. 5. Inelastic deformation M102 (AL–C–O) dispersion-reinforced aluminum alloys with longitudinal cutting direction
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Fig. 6. Determination of the time constant using tangent construction with inelastic deformation
the line x = end defined inelastic deformation produces a pe
riod, which is defined as the time constant of the discharge
curve.
For straight line it is
0.4ε
f (∆z ) = inelastic .
∆ε
Similarly, for the same samples machined longitudinally,
the influence of tensile stress on time constant is shown in
Fig. 7 for a range of 10–150 N/mm2. It should be noted that
the same measuring devices are utilized in both circumstances.
It can be concluded from the figure that time constant values
for all samples fluctuate during early stages of stress and until a
stress value of 80 N/mm2. However, for greater stress values,
time constant values remain almost constant, except for KS
M102 (AL–C–O), where a considerable rise in time constant
values is noticed while increasing stress load to an average time
constant value of 6 S, which indicates that that material shows
very poor relaxation behavior in the long-term test which is
3 times higher than the previous value of 2024 L aluminum
samples tested before. This means the material needs a period
of time three times as long until the inelastic deformation is
completed.
In the long-term test carried out here, creep effects still
occur; according to the manufacturer, the material should
have a low creep property. This cannot be confirmed here ei
ther.

Fig. 7. Time constant of M102 (AL–C–O) dispersion-reinforced aluminum alloys with longitudinal cutting direction
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There is a significant variance in time constant values. Since
no plastic deformation occurs up to 80 N/mm2, the highest load
point is a plastic deformation of about 50 % less than in 2024 L.
As a result, M102 (AL–C–O) dispersion-reinforced aluminum
alloys material clearly falls outside the specified time frame.
Even with low loads, the time constant is 2.8 seconds and in
creases to 6 seconds up to a load of 140 N/mm2. The material
therefore needs three times the period of time until the inelastic
deformation has receded.
Conclusion. Using interferometers and capacitive sensors,
this study presents experimental measurements of plastic, in
elastic, and time constant of M102 (AL–C–O) dispersionreinforced aluminum alloy samples machined longitudinally.
Plastic deformation for aluminum alloy samples examined
for tensile stress ranges of 10–150 N/mm2 is quite minimal.
Plastic deformation for aluminum sample M102 (AL–C–
O) is 90 times higher than for 2024 L samples.
Under stress levels of 10 and 150 MPa, measured inelastic
deformation ranges from 20 to 500 nm. Furthermore, the re
sults revealed that the sample was significantly greater than the
other aluminum alloy types evaluated, which indicates that
material has very poor relaxation behavior in the long-term
test.
Because electronics are highly sensitive to temperature
and humidity, significant variance is seen when detecting
plastic, inelastic deformations and calculating time constants
for identical samples using interferometers and capacitive
sensors.
M102 (AL–C–O) dispersion-reinforced aluminum alloys
clearly falls outside the specified time frame. Even with low
loads, the time constant is 2.8 seconds and increases to 6 sec
onds up to a load of 140 N/mm2. The material therefore needs
three times the period of time until the inelastic deformation
has receded.
The M102 (AL–C–O) aluminum alloy samples had a
3 times greater time constant than the other materials.
The nanoscale behavior of materials differs from the mi
crometer behavior, according to the experimental data. The
different alloying elements and percentage of used materials
with distinct machining orientations, which in turn created
different deformations, could be one reason for the variance in
deformation strength.
M102 (AL–C–O) aluminum alloys had worse plastic, in
elastic, and temporal constant values when compared to other
aluminum types. It is still appealing because it can endure high
temperatures, whereas other alloys lose their ductility and
ability to tolerate high temperatures.
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Вимірювання пружних, пластичних
і постійних часу для алюмінієвих армованих
сплавів дисперсією M102 (AL–C–O)
Халіл Абушгайр
Кафедра машинобудування, факультет інженерних тех
нологій, Аль-Балка прикладний університет, м. Амман,
Йорданія, e-mail: abushgair@bau.edu.jo
Мета. Провести експериментальне дослідження ха
рактеристики вмісту сипучих матеріалів з алюмінієвого
сплаву М102 при циклічних навантаженнях для точних
застосувань, таких як балансирні машини, оптичні й ла
зерні прилади. Підсилений дисперсіями алюмінієвий
сплав M102 (AL-C-O) був обраний через його здатність
витримувати температури понад 200 °C і має кращу міц
ність, ніж дисперсійно-тверді сплави за кімнатної темпе
ратури. Фрезерний верстат з ЧПУ використовується для
виготовлення зразків для випробування з поздовжніми
напрямками обробки. Для матеріалу встановлено постій
ний проміжок часу – чверть години, що заснований на
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дослідженні непружних і пластичних деформацій у нано
масштабі.
Методика. Електромагнітний прилад для вимірю
вання застосовує діапазон напружень розтягування від
10 до 145 Н/мм2 до зразків з особливою формою. Слід
зазначити, що інтерферометри та ємнісні датчики вико
ристовувались для вимірювання всіх форм деформацій
із навантаженням та без нього. Експерименти прово
дяться в термостабільному середовищі 30,5 °С, вимірю
вання проводяться в діапазоні залишкових деформацій
10 мкм.
Результати. Отримані дані показують, що результати
непружних деформацій для зразків напрямку поздо
вжнього зрізу за 30,5 °C вимірювали під напругою 150 Н/
мм2, оскільки вимірювали непружну деформацію 500 нм
та пластичну деформацію 100 нм, що набагато вище, ніж
сплав алюмінію, який досліджувався раніше за кімнатної
температури (20 °С). Крім того встановлено, що постійна
часу для зразків алюмінієвого сплаву M102 (AL–C–O)
удвічі перевищує цей показник для інших зразків.
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Наукова новизна. Уперше проведене дослідження
непружних і пластичних деформацій у наномасштабі
для характеристики об’ємного вмісту алюмінієвого
сплаву М102 при циклічних навантаженнях для точного
застосування.
Практична значимість. Один з основних факторів, що
впливає на використання інших матеріалів, крім сталі, у
прецизійних додатках, таких як балансирні машини,
оптичні й лазерні прилади, це вимірювання й визначен
ня нееластичної, пластичної та постійної часу процесу
розшарування матеріалів різних алюмінієвих сплавів,
оскільки вони немагнітні, легко піддаються механічній
обробці та формуванню. Це принесе нові продукти й
можливості для цих матеріалів.
Ключові слова: алюмінієвий сплав M102 (AL–C–O), непружна деформація, пластична деформація, постійна часу,
циклічні навантаження
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