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The heat treatment improves the casting result's structure and changes
the alloy's microstructure. The fractal dimension of the Ti-6Al-4V
Extra Low Interstitial (ELI) alloy changes with the alteration of surface
roughness under various heat treatment conditions. This study used
three primary raw materials: first-grade Titanium, pure aluminum, and
pure vanadium. The SEM images of the sample were translated into
topographic data. The Fractal Dimension (FD) calculation results that

Alloy the surface’s topography appearing throughout the heat treatment
temperatures and has fractal features. The Heat Treatment (HT) process
shows a close relationship between heat treatment temperature and
fractal dimension. Surface roughness after heat treatment at 1050°C is
smoother than at 850°C and 950°C.

Copy Right, 1JAR, 2023. All rights reserved.

Introduction:-

Titanium alloys are widely used for various applications, including aerospace, chemical, and biomedical industries.
This alloy is widely applied because it has good mechanical properties and high corrosion resistance. The
biocompatibility properties of Ti6Al4V ELI allow it to be used for biomedical applications as implant materials,
especially the Ti-6Al-4V Extra Low Alloy Interstitial, otherwise known as Ti-6AL-4V ELI, with 6% aluminum
content and 4% vanadium which is a popular alloy titanium for application biomedical implants. Compared with
Conventional Ti-6Al-4V, this ELI class has lower impurities, especially an oxygen maximum of 0.13% [1]
Therefore, the Ti-6AL-4V alloy has better tenacity and higher crack toughness. Some examples of medical implants
that use Ti-6Al-4V ELI include artificial knee and hip joint prosthesis implants, therapeutic orthopedics, and dental
implants [2] . The price of titanium alloy and the production costs are high; therefore, net-shape technology or near-
net-shape has received much attention [3] . This technology can produce a product close to the desired final
technology, and the cost of complex-shaped implants will be more efficient. However, this technology's
disadvantages are necessary for the heat treatment process to reduce casting defects, improve microstructure, and
improve the alloy's mechanical properties [4] .

Many techniques, like heat treatment and alloying, have been employed recently to enhance the overall
characteristics of 6Al-4V ELI alloys [2] ,[5] . Current treatment, mainly done by dissolving at a temperature of
100°C above transus-beta, promotes microstructure transformation and improves an alloy's properties in its solid
state. This temperature is at the lowest equilibrium point with the material in the 100% beta phase condition.
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Cooling can be fast and slow. The martensite reaction will decompose the phase at a rapid cooling rate and form the
Widmanstatten structure [6] ,[7]

Excessive statistical characteristics representing surface lay elements, roughness, waviness, and form can describe
surface topography [8] . Unfortunately, many of them heavily depend on the measurement methods, such as
instrument resolution, scan durations, and sampling. Fractal geometry has been offered to describe engineering
surfaces [8] . Fractals are imaginary, self-similar geometrical objects that, regardless of the magnification scale,
appear to be identical. These items exhibit the fractal dimension D [9] .

Fractal Dimension

A brief review of fractal dimension background. Presents literature on surface morphology calculation, analysis, and
fractal-heat treatment [9] ,[10] [11] . Two kinds of image processing methods were used on the SEM images before
calculating fractal dimensions, 8-bit/pixel (black and white photos) and 64-bit/pixel (RGB) [12] . The predicted
fractal dimensions produced by the current method for the three different heat-treating temperatures.

The study of surface roughness or heterogeneity can be divided into three categories or trades, namely (A) surface
defect at atomic and molecular levels, from 0.1 nm up, which can be detected by field electron microscopy, low
energy electron diffraction conveys only gross information about hidden surface; (B) intermediate region extending
from some 100 nm downwards, namely internal surface, porosimetry takes over; in this size level surface
irregularity is described in term of pore-width distribution; (C) surface topography from around 100 nm upward
which optical microscopy and electron micrographs (particle profiles) in term of Fourier coefficients, i.e., in term of
roundness, elongation, thickness, etc. [13] . Those categories of surface roughness of materials are illustrated in
Figure 1 [13] .
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Figure 1:- Surface Roughness Scale-Size Categories.

The fractal dimension measurement D of surface roughness was implemented in the study of fractal surfaces [13] .
Not all surface roughness is a fractal type [13] . Fractal dimension characteristics, categorized into A, B, or C, make
them comparable [13] . Surface roughness parameters are discovered to be linked with fractal dimension [14] ,[15] ,
[16] ,[17] . It is connected to many material characteristics [18] and processes that produce surfaces [19] . The
potential impact of each numerical method on the outcomes needs to be understood [9] . The notion of a box-count
dimension is investigated by assessing the fractal dimension using cube counts. An initial cubic cell with an edge
length of L equal to the scan length is iteratively divided into smaller cubes by the algorithm. The number of all
cubes with at least one sample of a 3D topography is counted, or N(L). The process is continued until L reaches the
image resolution or the distance between two neighboring models [9] , since:

N(L) x L7P 1)
The fractal dimension, known as the cube count fractal dimension D¢, is determined by the slope of a log-log plot

of N(L) vs. L. The surface height variance's root-mean-squared value, or S, is used to estimate the fractal dimension
and is defined as [9] :
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Where z(i,j) represents the measured height in an image pixel (i,j); Nx and N, denote the number of samples along

rows and columns in the image—assuming that the scale of the surface roughness S, measured over surfaces with

various edge lengths L:

Sioc 2P
o Q)
The fractal dimension Dgys can be calculated from the slope of a least-square regression line fitted in a log-log plot
of Sqvs. L [19] [20] .

Characterization and Surface Topography Analysis Methods
Three techniques for calculating a surface's fractal dimension are based on fractal analysis of the surface's contour
(horizontal section), profile, and size (vertical section). As stated in [21] , the relationship between the values
obtained for the fractal dimensions is as follows:

D.=D,=D-1 1)
D is the surface contour's fractal dimension, and D, is the profile's fractal dimension. Since actual surfaces do not
have the same fractal dimension across all scales, the concept of multifractals is used. A multifractal is a group of
structures having specific in a subset of parts and fractal dimensions in materials science. The idea of multifractals is
employed since natural surfaces do not have the same fractal dimension across all sizes. In materials science,
multifractals are employed since natural surfaces do not have the same fractal dimension across all sizes.
Multifractals are defined by a spectrum D, using the relation [18] :

D.=D, =D — 1 D
A spectrum D, characterizes multifractals with the relation [22] where € is the size of a cell in a network
encompassing the item of interest; p; is the relative population, i.e., the likelihood that a point is in the i cell of size

€ ; ( is an exponent that can assume any value from — o« to + o0; N is the number of cells; and, Z?’:l pf is a
generalized statistical sum providing information on the system’s statistical features. Thus, for ¢ — — oo cells with a
small relative population p; contribute the most to the total, and for q — , o, the cells with the highest significant
number of points contribute the most. If Dy = constant, the set is an ordinary fractal; if the function D, changes with
g, the group is fractal [22] .

Materials and Method:-

This study used three primary raw materials: first-grade Titanium, pure aluminum, and pure vanadium. We calculate
material balance to obtain the Ti-6Al-4V ELI alloy to meet the ASTM F 136 standard. Moreover, we weighed the
raw materials as needed and melted them in a laboratory-scale single-arc melting furnace. The Ti Grade 1 raw
material fed is 27 grams, while aluminum and vanadium total 3 grams. Meanwhile, the Ti6Al-4V ELI ingot obtained
was 30 grams. In the smelting process, high-purity argon gas flows. After the entire raw material is melted, the metal
melt is allowed to freeze in crucibles, and a button-shaped ingot is produced. The bars were tested with Optical
Emission Spectroscopy (Oxford Instrument, Foundry Master Pro) to determine their chemical composition [23] .

Then, the ingots carried out a heat treatment with solution treatment, followed by a cooling process [23] fast in a
water medium (quenching). The dissolution practice is given for 1 hour with argon gas. The treatment used variable
temperatures, including 850°C, 950°C, and 1050° C. After that, the aging process was carried out for 4 hours at a
temperature of 500°C. Both dissolution and aging treatments were carried out in an argon gas environment.

The Ti-6Al-4V ELI sample was then observed with an optical microscope (Olympus Microscope equipped with an
E4500 type camera) with some magnification to observe its microstructure. Before following the microstructure,
prepare the sample metallographically by grinding, polishing, and etching. The etching solution used is a solution of
Dix-Keller reagent, which consists of a mixture of nitric acid solution (HNO3), hydrochloric acid (HCI), and
hydrofluoric acid (HF).
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In particular research, grayscale pictures generated by SEM must be translated into topographic data before being
utilized for further computations. The Fractal Dimension (FD) calculation results of the two approaches are very
different [9] . As a result, it was required to pay close attention to the source of topographical data before fractal
analysis [9] .

Previous research has discovered that the topography's microstructure appears throughout the heat treatment
temperatures and has fractal features [24] . The FD can assess topographical complexity and investigate the impact
of preparation circumstances on topographical quality [25] . Various approaches have been employed recently to
compute the FD of different heat treatment temperatures properties [4] ,[24] .

Results and Discussion:-

The observations using an optical microscope for the as-cast Ti-6Al-4V ELI alloy before undergoing heat treatment
are shown in Figure 2 below. Figure 2 shows that the as-cast sample has a dendritic structure characteristic of
casting products. This dendritic structure will be visible if observed with higher magnification, as in Figure 2(b).
While in general, alloys have a lamellar o and  phase structure and form webbing connected, or what is often
known as a basket-weave structure. Observation of the microstructure with an optical microscope shows that the
alloy has an o phase characterized by a light-colored area.

(@ (b)

Figure 2:- Optical Image of Ti-6Al-4V ELI Surface Before Undergoing Heat Treatment (a) 200X and 500X.

In contrast, the dark-colored area is the § phase. The a phase is formed at the prior  grain boundary, and this grain
boundary limits the growth of the a grain. The same result was obtained by Oh et al. and Pinke et al. with the Ti-
6AIl-4V as-cast microstructure showing the Widmanstétten structure consisting of o phases and lamellar-shaped
[26] , [27] .
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Figure 3:- Fractal Dimension Calculation and Analysis Started from SEM Image to Scale-Sensitive Fractal Analysis

To perform fractal dimension analysis using scanning electron microscopy (SEM) images, the following steps are

typically involved (as shown in Figure 3):

1. Image Acquisition from SEM imaging provides detailed information about the material's surface topography
and fine structures;

2. The acquired SEM image is preprocessed to improve the quality of the image and highlight the features of
interest;

3. To analyze the fractal properties of specific structures within the SEM image, segmenting the image into
distinct regions or objects is often necessary. This can be done using various image processing techniques such
as thresholding, edge detection, or region-growing algorithms. In this work, the images were transformed into
pseudo-color versions;

4. Fractal Dimension Calculation: The next step is to calculate their fractal dimension once the image or specific
objects of interest are segmented. Several methods are available for this purpose, including box-counting,
perimeter-area ratio, and Fourier analysis. These methods estimate the fractal dimension based on the scaling
behavior of the object at different levels of magnification;

5. Box-counting: This method involves dividing the object into a grid of smaller boxes and counting the number of
boxes that contain a portion of the object. The fractal dimension is determined by how the number of boxes
changes with the size of the boxes;

6. Fractal dimension is obtained by analyzing the scaling relationship between the object's perimeter and its area;

7. The fractal dimension was derived from the power spectrum or fractal dimension spectrum of the transformed
data;

8. Scale-Sensitive Fractal Analysis: Fractal analysis is scale-sensitive at multiple scales or resolutions aiming at
the assessment of self-similarity or complexity across different levels of detail, revealing any scale-dependent
fractal properties;

9. Interpretation and Applications: Once the fractal dimensions are calculated, they can be interpreted in the
context of the specific system or material being studied.

Overall, fractal dimension calculation and analysis quantitatively measure the complexity and self-similarity of
structures found in SEM images. This approach enables us to gain insights into the underlying patterns and
characteristics of the objects under investigation.

The results of microstructure observations after the Ti-6Al-4V ELI sample was given heat treatment temperature of
850°C, 950°C, and 1050°C shown in Figure 4(a), 4(b), and 4(c). As explained in Figure 3, SEM image was
converted into a pseudo-color image and a 2D profile of surface roughness derived from the pseudo-color image;
volume calculation, and surface Sk parameters observation; and calculation of surface's fractal dimension based on
surface contour's fractal analysis.

At the 850°C dissolution treatment temperature, as shown in Figure 4(a), there was a significant change in
microstructure, and the dendrite structure was no longer visible. The o phase is seen to form blocks or fragments
similar to sharp (acicular) needles, such as martensite. The system developed is quite smooth and relatively uniform.
This structure proves that the heat treatment process can improve the casting result's design and change the alloy's
microstructure. The heat treatment process changes the phase composition, size, and phase distribution of o + 8
alloys [28] . Dissolution treatment followed by aging is usually performed to precipitate the o phase and produce a
subtle mixture of o and B phases in the retained § or transformed 3 phases. At a dissolution treatment temperature of
950°C, the a phase initially in partial flakes appears enlarged and rounded. These changes occur in some areas or
parts of the alloy and are not yet thorough. Part of the phase of the a is still in the form of blocks or fragments, but it
is starting to get rough. The microstructure looks inhomogeneous in shape and consists of a mixture of several
morphological phases. Meanwhile, the microstructure looked homogenous at a temperature of 1050°C, and the
surface morphology shows a and 3 stages. The structure of these two phases is no longer sharp and pointed at both
ends but more rounded.

The observations of surface properties after the heat treatment process show a close relationship between heat

treatment temperature and fractal dimension. Heat treatment at a temperature of 850°C produces a smoother surface
than heat treatment at a temperature of 950°C.
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Figure 4:- Valley Depth After Undergoing a Heat Treatment of (a) 850°C, (b) 950°C, and 1050°C.

Table 1:- Valley Depth Measurment.

No. | Parameters Original Heat Treatment Temperatures Unit
850°C 950°C 1050°C

1. Horizontal area 24.443.02 23,119.00 26,805.00 22,376.00 pum’
2. Valley Area 201,657.91 | 93,958.00 152,269.00 105,550.00 um’
3. Complexity 579.32 306.40 468.10 371.70 %

4. Depth 18.66 12.59 13.07 15.23 pm
5. Volume 28,565.00 11,003.00 16,002.00 14,917.00 um’
6. Perimeter 722.90 616.80 667.20 616.50 pm

To determine the valley depth following various thermal treatments (as shown in Table 1), it is necessary to analyze
a number of parameters, such as the calculated horizontal area, valley area, complexity, depth, volume, and
perimeter. It provides precise values for these parameters with specific information about the material or the
character of the heat treatment procedure, as listed in the table. It enables us to describe how each parameter relates
to the heat treatment procedure and its potential impacts on valley depth. It needs to note that Calculated Horizontal
Avrea is the entire horizontal surface area of the material being analyzed. The heat treatment procedure may alter the
microstructure of the material, resulting in alterations to the horizontal area. Certain thermal treatments, such as
annealing or recrystallization, can result in grain growth or phase transformations, which can impact the horizontal
area calculation. Valley Area is the total area of the valleys or low points on the surface of the material. It is affected
by surface roughness, texture, and the applied thermal treatment. Different thermal treatments can produce varying
degrees of surface roughness, which can impact the valley area. Complexity refers to the intricacy and irregularity of
the surface of the material. It is frequently evaluated with fractal analysis or other quantitative methods. Heat
treatments can alter the microstructure and surface morphology of a material, potentially altering the surface
complexity and canyons. Valley depth measures the vertical extent of the valleys on the surface of the material. It is
directly proportional to the difference in elevation between summits and valleys. The heat treatment procedure can
alter the topography of the material, resulting in variations in valley depth. Higher temperatures during thermal
treatment can result in surface diffusion, grain growth, and phase transformations, which can affect the valley depth
[14] .[16] .[25]

Table 1:- Sk and Volume Parameters for Analysis of Ti6AI4V ELI after undergoing Heat Treatment
Temperature of 850°C, 950°C, and 1050°C.

Parameters — Extracted Channel

Sk Parameters - ISO 25178 Volume Parameters - ISO 25178
Symbol | Original | 850°C | 950°C | 1050°C | unit Symbol | Original | 850°C | 950°C | 1050°C | unit
Sk 6.90 479 [6.17 |[6.02 um | Vi 0.092 | 0.084 | 0.084 | 0.089 | um®/um’
Sok 2.23 1.86 | 1.65 | 1.43 um | Vi 2314 | 1.847 | 2210 | 2172 | pum®/um’
Sue 3.04 273 [234 |2.48 um | Vi 2.885 |2.087 | 2.835 | 2,608 | um’/um’
Smria 9.11 6.09 |853 [8.11 % Vi 0.555 | 0.270 | 0.262 | 0.258 | um®/um’
Sz 8498 |86.53 [89.73 [89.71 | %
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The volume parameter (Table 2) represents the quantity of material within the region being analyzed. It is affected
by the material's density and the surface's geometric characteristics. Heat treatments that result in material loss, such
as sublimation or evaporation, can impact the volume of the material, potentially resulting in valley changes.

Perimeter is the total length of the boundary between the valleys and peaks on the surface of a material. It reveals
the contour and irregularity of surface features. Surface morphology can be altered by heat treatments, thereby
modifying the rim of valleys [22] .

Table 2:- Surface roughness parameters of the three different temperatures of Heat treatments.
1ISO 4287 — Roughness (S-L)
F: Leveled (LS), Angle 1.869°; L-filter (Ac): Gaussian. 0.08 pm
S-filter (As): Gaussian, 2.5 pm ; Evluation length: All Ac (1):
Amplitude parameters
Heat Treatment Temperature
850°C | 950°C | 1050°C Parameters’ names

The maximum peak height of the
Rp 1.658 3.195 3.611 pum roughness profile
The maximum valley depth of the
roughness profile
The maximum height of the
roughness profile
Total height of the roughness
profile
Arithmetic means deviation of the
roughness profile.
Root mean square (RMS) deviation
of the roughness profile.
Re -0.3608 | -0.3451 | -0.2343 grhoeﬁleskewness of the roughness
Riu 2.179 2,849 2.326 Kurtosis of the roughness profile
Spacing parameters
Rsm 6.333 4.657 6.947 um | No averaging (single | Mean width of the roughness
value) profile elements
Rq 43.82 63.56 -61.68 | deg The root-mean-square slope of the
roughness profile

Ry 2.122 4.037 3.898 pm

R, 3.780 7.232 7.509 pm

R 3.780 7.232 7.509 pm

Ra 0.7706 | 1.160 1,424 pm

Rq 0.9267 | 1.453 1.736 pm

Material ratio parameters
Ror 29.29 5.277 6.596 % C = 1 pum below the | The relative material ratio of the

highest peak: roughness profile
Rac 1.865 2.305 3.083 um | p=20%, q=80% Roughness profile section height
difference
R 0 C = Rz/4 pum above | The automatic relative material
(R/4) 18.73 9.235 13.72 % mean plane ratio of the roughness profile

As shown in Table 3, the surface roughness parameters for the Ti6Al4V ELI alloy after heat treatments at different
temperatures (850°C, 950°C, and 1050°C), parameters written provide insights into the surface roughness
characteristics. These parameters are calculated based on the height deviations of the surface profile from a
reference plane. As the roughness increased, the fractal dimension rose linearly [29] . The mechanism, which in turn
depends on the microstructures or heat treatment conditions, is connected to the roughness of the surfaces. The
measured surface roughness and fractal dimension values agreed with the observed surface topography [22] . It was
reported by Venkatesh et al. that three-dimensional tests showed a correlation between the fractal dimension and the
measured roughness of the heat-treated surfaces. As a result, the surface roughness brought on by various heat
treatment conditions was principally responsible for the change in strength and ductility with fractal dimension [29] .
In conclusion, the fractal dimension of the Ti-6Al-4V ELI alloy changes with the alteration of surface roughness
under various heat treatment conditions.
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As the roughness increased, the fractal dimension rose linearly [29] . The mechanism, which in turn depends on the
microstructures or heat treatment conditions, is connected to the roughness of the surfaces. The measured surface
roughness and fractal dimension values agreed with the observed surface topography [22] . It was reported by
Venkatesh et al. that three-dimensional tests showed a correlation between the fractal dimension and the measured
roughness of the heat-treated surfaces. As a result, the surface roughness brought on by various heat treatment
conditions was principally responsible for the change in strength and ductility with fractal dimension [29] . In
conclusion, the fractal dimension of the Ti-6Al-4V ELLI alloy changes with the alteration of surface roughness under
various heat treatment conditions.

Table 3:- Calculated Fractal Dimension for temperature heat treatment of 850°C, 950°C, and 1050°C.

Heat Treatment
Temperature Dy D Ds
Original 2,932 2.774 2.899
850°C 1.356 1.539 2.650
950°C 2.788 2.803 2.814
1050°C 1.267 1.388 1.494

The fractal dimension analysis results show that the fractal dimension is smaller than the fractal dimension heat
treatment at 950°C. Surface roughness after heat treatment temperature at 1050°C is smoother than at 850°C and
950°C. This result confirms a study on the titanium alloy T16A14V surface roughness alteration due to the
implementation of heat treatment [30] . A strong correlation between surface topography with Fractal Dimension
was found in this research. This correlation confirms research work conducted by several authors [14] ,[16] ,[25] .

Conclusion:-

The predicted fractal dimensions produced by the current method for the three different heat-treating temperatures.
The ingots carried out a heat treatment with solution treatment fast in a water medium (quenching). The treatment
used variable temperatures, including 850°C, 950°C, and 1050°C. The SEM images of the Ti-6AI-4V ELI sample
were translated into topographic data The Fractal Dimension (FD) calculation results that the topography's
microstructure appearing throughout the heat treatment temperatures and having fractal features. The results of
microstructure observations after the Ti-6Al-4V ELI samples were given heat treatment temperature of 850°C, there
was a significant change in microstructure, and the dendrite structure was no longer visible.

The heat treatment improves the casting result's structure and changes the alloy's microstructure. The heat treatment
process shows a close relationship between heat treatment temperature and fractal dimension. The fractal dimension
analysis results show that the fractal dimension is smaller than that of the fractal dimension heat treatment at 950°C.
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