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Abstract: In this study, titanium (Ti) and manganese (Mn) element powders in determined amounts
(0.35–0.75 and 1.5 wt %) were added into the 316 L stainless steel matrix by means of powder
metallurgy (PM) technology, either individually or in pairs, and the desired composition was obtained
as a powder mixture. The powders used in the study were cold-pressed tensile sample molds prepared
in ASTM E8M standards, unidirectionally cold-pressed under 750 MPa compression pressure and
formed into blocks. After pressing, the raw strength samples were sintered in an atmosphere-
controlled tube furnace at 1250 ◦C for two hours in an argon atmosphere. The microstructure and
mechanical properties of the produced PM steels were characterized using an optical microscope,
SEM, EDS, tensile test, and hardness test. The results showed that the stainless steel samples with
0.35 (Ti and Mn) added to 316 L stainless steel had the highest yield strength, tensile strengths, and
hardness strengths. However, with the addition of 0.75–1.5 Ti, 0.75–1.5 Mn and 0.75–1.5 (Ti and Mn)
to 316 L stainless steel, a decrease was observed in the mechanical properties. Moreover, the stainless
steel sample with 0.35 (Ti and Mn) added to 316 L stainless steel is better than other samples in terms
of surface quality.

Keywords: powder metallurgy; stainless steel; 316 L; titanium; manganese; machining; mechanical
properties

1. Introduction

Powder metallurgy (PM) is a method of producing parts by mixing metal powders
homogeneously in a certain ratio, compressing them in precision molds at pressures in
accordance with the desired technical values, and then sintering them under controlled
atmospheric conditions [1]. One of the biggest advantages of this production method is
that it can easily produce powder metal steel with the desired chemical composition [2].
Engineering materials produced with this method often need to be subjected to machining
processes in order to be ready for use [3,4]. The machining process can be defined as the
cutting tool and the workpiece moving relative to each other and removing pieces in the
form of chips from the main material [5,6]. In this way, the desired dimensions and surface
quality are achieved.

Steels have great importance among the material groups used in engineering appli-
cations. Non-alloy steels basically consist of iron, carbon, and manganese elements. In
addition, they also contain very low amounts of silicon, phosphorus, and sulfur elements.
Alloy steels are derived by introducing various alloying elements in different proportions
into iron matrix structures [7]. Stainless steels are typically defined as iron-based alloys
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comprising a minimum of 10.5% chromium (by weight) and a maximum of 1.2% carbon
(by weight) [8]. Owing to their characteristics such as high strength, hardness, ductility,
weldability, durability, ease of forming and machining, as well as excellent fire resistance,
they find extensive utilization in industries such as aviation, chemical, petrochemical, food,
pharmaceuticals, and nuclear power plants [9]. Stainless steels can be categorized into three
types based on their chemical composition: austenitic stainless steel, ferritic stainless steel,
and martensitic stainless steel. Among these, austenitic stainless steel constitutes 70% of
the total stainless steel production and is the most widely employed grade of stainless steel
worldwide [10]. The crystalline structure of austenitic stainless steels is a face-centered
cube (FCC). Due to this structural arrangement, austenitic stainless steels are recognized for
their ease of machinability, weldability, and remarkable corrosion resistance, making them
suitable for a diverse range of applications. The stabilizing alloy elements of the austenitic
phase because it has a crystalline structure in the form of a face centered cube (FCC), which
is the same as the crystalline structure of austenitic steel. As for the secondary alloying
elements that are found in austenitic steels, they are Mo, Cu, N, Nb, Ti, Mn, S, Si, C, and
Al. They are divided according to their effect on the crystalline structure of the steel to
stabilizers of the ferrite phase or the austenitic phase. 316 L stainless steel is one of the best
and most common types of stainless steel in biomedical applications because of its cheap
price, high mechanical qualities, good corrosion resistance, and ease of forming for the
manufacture of biomedical metals. Titanium element is used to prevent the formation of
chromium carbide in austenitic stainless steels with high carbon content. It also improves
mechanical properties at high temperatures. The general properties of titanium can be
listed as non-toxic, antimagnetic, low specific gravity, superior mechanical properties, high
biocompatibility, elastic modulus close to the bone, and high corrosion resistance. The Mn
element used as a stabilization element for the austenitic phase has an allotropic structure.
In addition, Mn prevents the formation of FeS, which accumulates at grain boundaries
and causes brittleness in steel by combining with sulfur and the formation of manganese
sulfide MnS. Its price is low, so it can be used instead of other alloying elements such as
high-priced nickel [11]. Some studies in the literature have investigated how the addition
of alloying elements changes the mechanical properties. For example, Gulsoy et al. [12]
investigated the effect of Zr, Nb, and Ti additions to 316 L stainless steel on its mechan-
ical and electrochemical properties and biocompatibility. The authors reported that the
mechanical, corrosion, and biocompatibility properties of Zr, Nb, and Ti-added alloys are
better than the 316 L alloy, and that Ti-added alloys have better properties than other alloys.
Ali et al. [13] investigated the effects of varying boron, titanium, and niobium additions
to 316 L stainless steel on its physical and mechanical properties. The authors reported
that microhardness increased for all alloy compositions, tensile strength decreased, and
compressive strength increased for the alloy containing equal concentrations of niobium
and titanium additions. Albahlol et al. [14] examined the influence of Al2O3 addition on
the microstructure and mechanical characteristics of 316 L stainless steel. Their findings
revealed that it is possible to create novel composite materials by layering 316 L and Al2O3,
and that these materials are well-suited for application as alternative prosthetic materials
in the field of biomedical engineering.

From the literature review, mechanical properties improve with the addition of alloy-
ing elements. At the same time, it has been observed that studies on the production of
316 L alloy using the powder metallurgy technique by adding different alloying elements
are quite limited. In this study, the element titanium (Ti) was chosen because it is a bio-
compatible element, and its density is low and is close to the density of bone. The element
manganese (Mn) was chosen because it is cheap and stabilizes the austenitic phase and is
an alternative to the element nickel, which is an expensive element with high toxicity. In
this study, the effects of adding Mn and Ti at different weight percentages to 316 L stainless
steel on its mechanical and machinability properties were examined.
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2. Materials and Methods

The properties of Mn, Ti and 316 L powders used in the study to form a modified alloy
of stainless steel via the PM method are shown in Table 1.

Table 1. Powders and their properties.

Elemental
Powders

Powder Size
(µm) Density (g/cm3) Purity Value % Company

316 L <149 7.95 99.9 Höganas

Ti 45 4.54 99.9 Aldrich

Mn 45 7.43 99.9 Aldrich

Alloy steel samples were produced by mixing in the chemical compositions shown
in Table 2. The samples produced were subjected to machinability, tensile, and hardness
tests and their microstructures were examined; density, porosity, and average particle size
were calculated. The results were evaluated. After being unidirectionally cold-pressed at
750 MPa compression pressure, the mixed powders were shaped into blocks in an ASTM
E8M powder metal drawing sample mold. The sintering process was performed in a
Protherm PTF 16/75/610 brand atmosphere-controlled furnace with a maximum tempera-
ture of 1600 ◦C. The sintering procedure took 2 h at 1250 ◦C in an argon environment. The
temperature was raised at a rate of 5 ◦C/min. The samples were then heated to sintering
temperatures and held there for 2 h before being cooled to room temperature at a rate of
5 ◦C/min. A total of 50 samples were prepared, with 5 samples for each composition.

Table 2. The samples and their composition.

No. Alloy Name Ti (wt %) Mn (wt %) 316 L (wt %)

Alloy I 316 L 0.17 100

Alloy II 316 L + 0.35 Ti 0.35 99.65

Alloy III 316 L + 0.35 Mn 0.35 99.65

Alloy IV 316 L + 0.35 (Ti + Mn) 0.35 0.35 99.30

Alloy V 316 L + 0.75 Ti 0.75 99.25

Alloy VI 316 L + 0.75 Mn 0.75 99.25

Alloy VII 316 L + 0.75 (Ti + Mn) 0.75 0.75 98.50

Alloy VIII 316 + 1.5 Ti 1.5 98.50

Alloy IX 316 + 1.5 Mn 1.5 98.5

Alloy X 316 L + 1.5 (Ti + Mn) 1.5 1.5 97

The weighing of the powders was carried out using a RADWAG AS.60.220 C/2 brand
digital precision balance with an accuracy of 0.0001, in line with the amount given in
Table 2, and the weighed powder mixtures were blended with balls for two hours using a
Willy A. Bachofen AG T2F Turbula brand triaxial mixer for homogeneous mixing. Figure 1
shows the stages of work to prepare samples using the PM metallurgy method, where the
process begins with weighing the dust of Ti, Mn and 316 L. After the weighing process,
the mixing process, which lasted for two hours, was started in the triaxial mixer, then the
pressure process was initiated to transform the powder into a solid mixture using the mold
prepared in the dimensions of the standard tensile test sample prepared according to ASTM
E8M [15]. The samples at this stage are green; that is, their mechanical properties are weak.
It was then heated to the sintering temperature of 1250 ◦C, with the temperature gradually
increasing by 5 ◦C per minute. It was kept at this temperature for 2 h. Then, the cooling
process was carried out under the same conditions. At this stage, which is called sintering,
argon was used as the shielding gas (see Figure 1).
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KWKP35S quality, supplied by Walter, were employed. Three distinct cutting speeds (150, 

Figure 1. Schematic representation of powder metallurgy production stages.

The sintered tensile specimens’ surfaces were sanded with a PRESI MECAPOL P262
brand apparatus to prepare them for hardness testing. The HV0.5 (0.5 kg.) load was
applied in Vickers microhardness testing, and the hardness value was calculated by taking
measurements from 10 different places for each sample. The samples were broken after
using a tensile test at a tensile speed of 1 mm/min using a SHIMADZU tensile testing
machine. Following each test, (stress. strain%) diagrams were produced, and the yield
strength (0.2%), tensile strength, and elongation% values of the samples were obtained. For
density measurements of PM steel samples, a RADWAG AS.60.220 C/2 precision balance
with a RADWAG AS density measurement kit and the Archimedes principle using pure
water were used. Three density measurements were carried out for each sample and then
the average of these measurements was calculated.

Optical and scanning electron microscopes (SEM) were employed for microstructural
examinations. Microstructure analysis was conducted using a Nikon ECLIPSE L150 mi-
croscope with a magnification range of 50× to 1000×. Mounting samples were prepared
using sanding and polishing techniques. These samples underwent electrolytic etching
in a solution consisting of 10 g of oxalic acid dissolved in 90 milliliters of distilled water,
subjected to a current of 2 amps and a voltage of 12 volts. Photos of various sizes were
taken from different regions of each sample, ensuring they accurately represented the entire
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microstructure. Grain sizes of the PM 316 L steel specimens were calculated on optical
micrographs using the mean linear intercept method.

Machining experiments were carried out on samples with varying compositions on a
CNC milling machining center featuring an 18.5 kW motor and a spindle speed of 6000 rpm.
The experimental setup is depicted in Figure 2. For these tests, CVD TiAlN + TiCN
coated tungsten carbide (WC–Co) inserts with the ISO designation SDMT06T204.F57 and
KWKP35S quality, supplied by Walter, were employed. Three distinct cutting speeds (150,
225, and 300 m/min), a consistent feed rate of 0.06 mm/tooth, and a depth of cut of 0.6 mm
were selected as the cutting parameters for milling experiments conducted on all test
samples.

Metals 2023, 13, x FOR PEER REVIEW 5 of 19 
 

 

225, and 300 m/min), a consistent feed rate of 0.06 mm/tooth, and a depth of cut of 0.6 mm 
were selected as the cutting parameters for milling experiments conducted on all test sam-
ples. 

 
Figure 2. Schematic representation of milling experiments. 

The Mitutoyo Surftest 211 instrument was employed to determine the roughness val-
ues of the machined surfaces. These measurements were conducted following the ISO 
4287 standards [16]. The average surface roughness (Ra) value was calculated by taking 
the mean of the roughness values measured from three distinct regions of each machined 
sample. To ascertain the temperature within the cutting zone, a high-resolution (320 × 240 
pixels) infrared camera (FLIR E60 model) with a frame rate of 60 Hz, offering real-time 
measurement and thermographic monitoring, was utilized. 

3. Results 
3.1. Microstructure Results and Evaluation 

The microstructure images of the samples produced via the PM technique were taken 
at a pressure of 750 MPa and sintered in an atmosphere of argon at a temperature of 1250 
°C for two hours. Figure 3 shows the optical microscope images of the samples produced 
by the PM method before and after the alloying elements (Ti and Mn) were added. 

Figure 2. Schematic representation of milling experiments.

The Mitutoyo Surftest 211 instrument was employed to determine the roughness
values of the machined surfaces. These measurements were conducted following the
ISO 4287 standards [16]. The average surface roughness (Ra) value was calculated by
taking the mean of the roughness values measured from three distinct regions of each
machined sample. To ascertain the temperature within the cutting zone, a high-resolution
(320 × 240 pixels) infrared camera (FLIR E60 model) with a frame rate of 60 Hz, offering
real-time measurement and thermographic monitoring, was utilized.

3. Results
3.1. Microstructure Results and Evaluation

The microstructure images of the samples produced via the PM technique were taken
at a pressure of 750 MPa and sintered in an atmosphere of argon at a temperature of 1250 ◦C
for two hours. Figure 3 shows the optical microscope images of the samples produced by
the PM method before and after the alloying elements (Ti and Mn) were added.

It can be observed from the microscopic images that when 0.35 of Ti and Mn were
added to stainless steel, the grain size in the microstructure became smaller, and when the
amount of alloying elements (Ti and Mn) was increased to 0.75 and 1.5, an increase in the
grain size was observed. Moreover, upon examination of Figures 3 and 4, which depict
optical micro-scope and SEM microstructure images taken from all compositions of 316 L
that were produced, it can be observed that twin structures have formed, consistent with
similar findings in the literature [17–19].
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Figure 4. SEM and spot EDS results from Alloy I.

It was also observed that there are pores in the fine structure of the samples, the pro-
portion of which increases with the increase in the proportion of added alloying elements,
and these pores have a spherical and small shape. Table 3 shows results of relative density,
relative porosity, and average grain dimension of the samples. In Table 3, the relative
density, relative porosity, and average grain size are calculated for the samples prepared
via the PM method at a temperature of 1250 ◦C for 2 h and a pressure of 750 MPa. The
results show that the effect of Ti, Mn, and Ti-Mn content on the grain size of 316 L stainless
steel depends on the processing method and conditions. Specifically, increasing Ti, Mn, and
Ti-Mn content tends to lead to finer and more uniform grain size in 316 L stainless steel.
This finding is consistent with the results of Ertuğrul et al. [20], who observed a similar
average grain size of approximately 16.5 um for 316 L produced using microwave sintering
at 1250 ◦C.

It can be noted from the table that the relative density decreases with the increase
in the weight percentage of the alloying elements (Ti-Mn) compared to Alloy I, which
represents the stainless steel alloy without the addition of (Ti-Mn). For example, when
Ti was added in certain proportions (0.35–0.75 and 1.5 wt %), a decrease was observed
in the relative density of samples (Alloys II–V and VI) % of the original sample without
addition (Alloy I), and the reason for this is because the addition of Ti and Mn leads to an
increase in porosity. There are studies in the literature that demonstrate that the addition of
alloying elements increases porosity. For example, Erden et al., in their study, determined
that the addition of Mo to unalloyed steel increases the number of pores [21], while the
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porosity increases with the increase in the weight percentage of the alloying elements. For
example, when the two elements (Ti-Mn) were added, the relative porosity increased from
8.06% in Alloy I to which alloying elements the samples (Alloy IV–VII and X) were added
9.11–9.21 and 12.01% in, respectively. On other hand, it can also be seen in Table 3 that
the average grain dimensions in the microstructure of stainless steel 316 L become smaller
when adding alloying elements (Ti, Mn) with a small weight ratio (0.35 wt %) compared
to the basic stainless steel (Alloy I), whose average grain dimensions are 21.25 µm, as
the average grain dimensions increase in Alloy II, III, and IV (20.45–19.46 and 19.01) µm,
respectively. This is explained by the formation of the precipitates of carbides and nitrides
such as TiC(N), MnC(N), and TiMnC, which have a relatively small size and are located
on the grain boundaries, causing an obstruction to the expansion of the grain boundaries
during recrystallization and the formation of the austenitic phase, which leads to a decrease
in the size of the grains compared to the size of the grains in Alloy I, which does not contain
additional elements. It was noted that the effect of alloying elements is greater in Alloy IV
because three types of precipitates are formed, namely titanium carbide and nitride TiC(N);
manganese carbide and nitride MnC(N); and titanium and manganese carbide nitride
TiMnC(N), which leads to a greater impediment to the expansion of the grain boundaries in
the stage of crystallization in the austenitic phase. Thus, smaller grains are formed. Whereas
when the weight percentage of the alloying elements is increased to above (0.35 wt %) to
become (0.75 wt %) in Alloys V, VI, and VII, the grain size becomes larger, respectively,
and with the continuation of the increase in the weight percentage of the alloying elements
to 1.5%, significant increases in the size of the granules to 23.43−28.38 µm, and 31.51 µm
were noted. This is explained by the fact that when alloying elements are added in large
proportions by weight, this leads to the formation of precipitates with large grains in the
austenitic phase, which causes gaps in the crystalline structure. It can be noted that the
largest size of the grains was in Alloy VIII, which contains 1.5% titanium. From Figure 4,
which depicts the SEM image and the EDS point of the basic Alloy I, it can be seen that at
the matrix there is an amount of iron and carbon, indicating the precipitation of cementite
(Fe3C). Different precipitates were observed. For example, when spectrum 4 is examined,
it can be observed that levels of Cr, Si, Mo, N, and C are high. Here, it is considered to be
a precipitate of CrSiMoC(N). As a matter of fact, it has been stated in the literature that
binary and multiple precipitates are formed in the matrix and grain boundaries [21].

Table 3. Relative density, relative porosity, and average grain dimension of the samples after the
sintering process.

No. Alloy
Theoretical

Density
(g/cm3)

Density after
Sintering
(g/cm3)

Relative
Density

%

Relative
Porosity

%

Average Grain
Dimensions

µm

I 316 L 7.95 7.309 91.9372 8.0628 21.25

II 316 L + 0.35 Ti 7.9378 7.2069 90.7922 9.2078 20.45

III 316 L + 0.35 Mn 7.9481 7.3179 92.0711 7.9289 19.46

IV 316 L + 0.35 (Mn + Ti) 7.93619 7.2127 90.8836 9.1164 19.01

V 316 L + 0.75 Ti 7.92442 7.1183 89.8274 10.1726 23.66

VI 316 L + 0.75 Mn 7.9461 7.2140 90.7866 9.2133 23.3

VII 316 L + 0.75 (Mn + Ti) 7.9204 7.1450 90.2101 9.7899 24.12

VIII 316 L + 1.5 Ti 7.8985 6.9596 88.1129 11.8871 31.51

IX 316 L + 1.5 Mn 7.9422 7.0654 88.9602 11.0397 23.43

X 316 L + 1.5 (Mn + Ti) 7.89105 6.9428 87.9832 12.0168 28.38

Figure 5 shows the SEM microstructure image taken from Alloy X with 1.5% (Ti + Mn)
added. It was observed that new precipitates such as TiC(N), MnC(N) and TiMnC (N) were
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formed from the received point EDSs. Figure 6 presents the results of the EDS line analysis
of Alloy I and Alloy X, which shows the presence of Ti and Mn elements on the precipitates
in the form of TiC(N), MnC(N), and TiMnC(N).
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3.2. Evaluation of Mechanical Test Results

Figure 7 shows the tensile test curves for stainless steel 316 L before and after adding
alloying elements (Ti-Mn), where it shows the yield point, the maximum stress, and the
percentage of elongation for all samples.

When Figure 7 and Table 4 are examined, it is thought that this increase in tensile
strength and hardness occurs through strength increasing mechanisms such as precipitate
hardening with the formation of carbide, nitride and carbonitride precipitates on the matrix
and refinement of grain size as seen in the microstructure pictures [21]. Moreover, an
increase in tensile strength was observed when 0.35 wt % Ti and Mn were added. In Alloys
II–III and IV, it was 290–314 and 327 MPa, respectively; that is, the tensile strength increased
by 16.93–26.61 and 31.85%, respectively, compared to the original Alloy I (248 MPa). The
effect of the alloy elements in the solid solution on the recrystallisation of austenite is
very weak. The inhibition of the grain boundary movement by precipitated particles is
much more effective than dissolved atoms [22]. The hardness of the austenite matrix in the
produced material was approximately 97 HV; this is lower than the hardness of full density
316 L stainless steel and some similar samples [13,23]. However, the hardness values
of the samples (Table 2) were comparable to some similar alloys. For example, Pandya
et al. [24] investigated the effect of sintering temperature on the densification response and
mechanical behavior of 316 L stainless steel. They reported that the hardness changed from
97 to 126 HV as the density increased from 83% to 90%. In another study, the measured
hardness of PM 316 L stainless steel samples with 15.6% porosity were 160 HV; this was
higher than the alloys studied [25]. Studies may report different hardness values due to
process differences such as sintering temperature and sintering atmosphere. For example,
316 L stainless steel samples sintered in a nitrogen atmosphere exhibit higher hardness than
those sintered in an argon or vacuum atmosphere [26]. The strength of 316 L stainless steel
also increases significantly when the sintering atmosphere is changed from Ar to N2 [27].

The hardness of the alloys followed a parallel trend and increased with the addition
of 0.35 wt % Ti, 0.35 wt % Mn, and 0.35 wt % Ti-Mn by weight. The presence of carbides,
nitrides, or carbonitrides such as TiC, TiN, TiMnC(N), and TiMnCrC(N) can significantly
affect the hardness of 316 L stainless steel [27]. Figures 4–6 show a particle precipitated at
the grain boundary. The transmission electron microscopy (TEM) thin foil examination of
AISI 316 L steel revealed that the precipitates were M23C6 carbides in the temperature range
of 500–900 ◦C, formed by heterogeneous nucleation at grain boundaries, twin boundaries,
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and dislocation networks within grains. [28]. The M23C6 carbides in this study were rich in
chromium and had relatively low nickel and iron content. While the number of precipitates
is affected by the addition of Ti and Mn, the main phase remains austenite and single and
multiple additions of Ti and Mn do not alter the existing phases. According to the Schaeffler
diagram [29] based on Cr and Ni content (austenite stabilizer), the primary phase of the
produced material is still austenite.
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Table 4. Mechanical properties of 316 L PM steels containing different ratios of Ti-Mn.

No. Alloy Maximum Tensile
Strength (MPa)

Elongation
(%) Hardness (Hv)

I 316 L 248 25.79 97

II 316 L + 0.35 Ti 290 36.57 107

III 316 L + 0.35 Mn 314 35.91 127

IV 316 L + 0.35 (Mn + Ti) 327 32.11 133

V 316 L + 0.75 Ti 201 26.30 88

VI 316 L + 0.75 Mn 247 40.79 95

VII 316 L + 0.75 (Mn + Ti) 217 23.10 91

VIII 316 L + 1.5 Ti 166 18.38 73

IX 316 L + 1.5 Mn 245 29.15 95

X 316 L + 1.5 (Mn + Ti) 190 17.72 90

When the percentage of Ti and Mn was increased to (0.75–1.5 wt %), there was a
decrease in tensile strength, with the lowest value being 166 MPa in alloy VIII. That is,
the tensile strength of Alloy VIII decreased by 33.06% compared to Alloy I, where no
alloying element was added. In all compositions except Alloy 10, the percent elongation
value is higher than Alloy I. However, when the alloying element addition was increased
to 0.75 and 1.5 weight percent, a decrease in tensile strength and hardness values was
observed.
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This decrease in tensile strength and hardness values can be attributed to the increase
in the size of the precipitates formed at the matrix and grain boundaries, the increase in the
number of pores, and the increase in the grain size of the material, because large precipitates
do not prevent the dislocation movement sufficiently compared to small precipitates. Grain
boundaries, like precipitates, also inhibit dislocation movement. Likewise, coarse-grained
materials have shorter grain boundaries. The decrease in grain boundary length resulted in
a decrease in strength due to fewer obstacles to prevent dislocation movement. Another
reason for the decrease in strength can be expressed as the increase in the number of pores
in the material with the addition of alloying elements [30,31].

After the tensile test, fracture surface images of unalloyed PM, PM 316 L, and Ti-Mn
added 316 L PM steel samples sintered at 1250 ◦C were taken. Figure 8 shows the fractured
surface images. As seen in the SEM images of 316 L steel samples with different Ti-Mn
contents (Figure 8), all of the fractured surfaces with pores exhibited partially ductile
(honeycomb) and partially brittle (cleavage planes) structures. It was clearly seen that there
were pores on all the broken surfaces. This shows that the fractures occur through the
coalescence and propagation of microvoids.
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Figure 8. Fractured surface images of samples (100×–400×).

Additionally, large voids were observed in alloyed 316 L steel samples containing
0.35–0.75 and 1.5 wt % Ti, Mn, and (Ti-Mn). These voids are indicative of the removal of
precipitates such as TiC, TiN, MnC, MnN, and TiMnC(N) by pulling them under heavy
tensile loading conditions. Shanmugasundaram and Chandramouli [32] found that such
voids were formed on the fracture surfaces of powder metallurgy steel containing Cr, Ni,
and Mo. This has been attributed to carbide formation and the detachment of carbide from
the surface during heavy deformation. Figure 9 shows the fracture surface and point EDS
results for Alloy VIII.

The EDS point analysis of the fracture surface of Alloy VIII reveals the presence of
Cr-, Si-, and Mn-rich precipitates in the steel. This observation indicates the formation of
precipitates like CrMnC, SiC, and CrMoC(N) in the steel during sintering or post-sintering
cooling. These precipitates significantly influence the fracture surface morphology of the
alloyed powder metallurgy steel.
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3.3. Evaluation of Milling Test Results

Surface quality plays a pivotal role in determining the functionality and efficiency
of mechanical components [33]. Surface roughness (Ra) stands as a key parameter that
provides insight into the characteristics of a machined surface. The surface roughness of
a material during machining is notably affected by variations in machining parameters,
such as cutting speed, feed rate, and depth of cut [34]. Figure 10 illustrates the alterations
in surface roughness obtained as a result of the experimental investigation. These values
represent the averages of three measurements.

Upon examination of Figure 10, it is evident that the highest surface roughness value
is consistently observed at a cutting speed of 150 m/min across all samples. Analyzing
the measurements taken from tests conducted on all samples (Alloy I-X), we observe a
reduction in Ra of 27.27%, 25.80%, 24.87%, 39.53%, 25.02%, 18.91%, 20.97%, 31.22%, 30.33%,
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and 10.71% as the cutting speed increases from 150 to 225 m/min, respectively. A 100%
increase in the cutting speed results in a Ra reduction of 41.21%, 44.51%, 35.02%, 54.65%,
38.63%, 39.72%, 36.58%, 45.26%, 40.07%, and 8.92% across all samples. The trend across
all samples (Alloy I-X) is a decrease in Ra as the cutting speed rises. This trend may be
attributed to the reduction in the tool–chip contact area and the diminishing shear strength
of the material due to the increased temperature with higher cutting speeds [6,35].
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When examining the results regarding the influence of alloying elements on surface
roughness, it becomes evident that alloys with 0.35% Ti and Mn additions (Alloys II, III, and
IV) exhibit lower surface roughness values than Alloy I. Specifically, Alloy IV demonstrates
approximately 34.09%, 31.85%, and 37.11% improvements in yield strength, maximum
tensile strength, and hardness when compared to Alloy I. In terms of surface quality, Alloy
IV performs approximately 153.84% better. The highest Ra value, 2.85 µm, is observed
in the milling of Alloy VIII at a cutting speed of 150 m/min, whereas the lowest surface
roughness value, 0.390 µm, is measured in the machining of Alloy IV at a cutting speed
of 300 m/min. It is noteworthy that when Ti and Mn additions exceed 0.35 wt % (Alloys
V–X), the average roughness of the machined surface increases due to an accumulation
of added alloying elements, i.e., (TiC(N), MnC(N), and TiMnC(N) that accumulate at the
grain boundaries, leading to the formation of large pores and resulting in increased surface
roughness after the milling process.

Figure 11 illustrates the temperature distribution within the cutting zone during the
processing of all samples. The bar graphs clearly indicate that, for all samples, the highest
cutting temperature is observed at the highest cutting speed, while conversely, the lowest
cutting temperature is recorded at the lowest cutting speed. There is a tendency for cutting
temperature to increase with the rise in cutting speed. The temperature values exhibit an
approximate 56% increase with a 50% increase in cutting speed (Vc, m/min), while this
rate of increase decreases to about 32% with a 100% increase in cutting speed (Vc, m/min).

Cutting speed plays a pivotal role in heat generation during machining. The chips
serve as a means to efficiently dissipate a substantial portion of the heat generated in the
machining process away from the cutting zone. Consequently, the performance of cutting
tools is influenced by the extent of contact between the chip and the tool. An escalation in
cutting speed results in a proportional increase in the contact length between the chip and
the cutting tool, consequently leading to an elevation in cutting temperature [36].
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4. Conclusions

In this study, the effect of adding Ti and Mn elements to a 316 L stainless steel al-
loy produced using the powder metallurgy method was studied under cold pressure
(750 MPa) and sintering temperature (1250 ◦C) for two hours in an argon atmosphere, and
the following results were obtained:

• When Ti and Mn (0.35 wt %) are added by weight to the original steel alloy without
additives, the tensile strength, yield strength, and hardness of the steel alloy increase
because the elements precipitate formation, and these precipitates prevent grain
growth.

• When Ti and Mn are added together at the same weight percentage (0.35 wt %), better
properties are obtained than when Ti or Mn are added via monotherapy, because
when the two elements TiC(N) are added together, all kinds of precipitates are formed,
namely, MnC(N) and TiMnC(N), which prevents the expansion of boundaries during
recrystallization and sintering.

• When the weight percent of Ti and Mn is increased above (0.35 wt %), a decrease
in mechanical properties is observed, which is thought to cause the fragility of the
microstructure and weak mechanical properties due to the excessive deposition of
carbide and nitride in the grain boundaries of alloying elements. The higher the
percentage of Ti and Mn added, the more noticeable the increase in relative porosity
due to the deposition of carbides and nitrides of titanium and manganese at the grain
boundaries and the formation of microscopic voids in the crystalline structure.

• In order to precipitate all carbide and nitrate forms of TiC(N) alloying elements, when
Ti and Mn are added at the rate of 0.35 wt % in the alloy where Ti and Mn are added
together, the grain size decreases. Such precipitates inhibit the dislocation movement
and cause an increase in mechanical properties such as yield strength, tensile strength,
and hardness.

• When Mn was added at a rate higher than 0.35 wt %, it was noticed that the tensile
strength remained almost the same, but the yield strength decreased by almost half
compared to the original alloy that did not contain the additive. This is because
the percentage of sediment formed by manganese (Mn) was much smaller than the
percentage of sediment formed by titanium (Ti), according to what was observed
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via EDS analysis, and as large amounts of MnC(N) do not accumulate on the grain
boundaries, its negative impact on the mechanical properties is less.

• It was seen that the Ra values decreased with increasing cutting speed.
• When Ti and Mn are added at 0.35 wt % to stainless steel 316 L and the milling process

is applied, the average surface roughness (Ra) decreases due to the ease of extracting
chips when the tensile strength and yield strength increase and the ductility decreases.

• Ti and Mn were added at percentages higher than 0.35 wt % and the milling process
was applied to the alloys; an increase in the average surface roughness (Ra) was noticed
because the sediment accumulates at the grain boundaries and forms large pores.

• When the cutting speed was increased in all samples, the cutting temperature increased
due to the increase in the contact length between the cutting tool and the chips.
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36. Kıvak, T.; Sarıkaya, M.; Yıldırım, Ç.V.; Şirin, Ş. Study on turning performance of PVD TiN coated Al2O3+ TiCN ceramic tool
under cutting fluid reinforced by nano sized solid particles. J. Manuf. Process. 2020, 56, 522–539. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/coatings12101461
https://doi.org/10.1016/j.powtec.2013.12.043
https://doi.org/10.1515/mt-2022-0358
https://doi.org/10.1016/j.actbio.2009.03.004
https://doi.org/10.1243/1464420001544753
https://doi.org/10.1016/j.msea.2012.06.087
https://doi.org/10.1016/j.matdes.2010.02.053
https://doi.org/10.1179/pom.1996.39.2.125
https://doi.org/10.1016/j.msea.2003.12.017
https://doi.org/10.1016/j.surfcoat.2020.125332
https://doi.org/10.48084/etasr.3265
https://doi.org/10.1016/j.matdes.2009.03.020
https://doi.org/10.1016/j.addma.2022.103103
https://doi.org/10.1016/S0924-0136(03)00407-2
https://doi.org/10.1007/s00170-017-0678-2
https://doi.org/10.1016/j.jmapro.2020.05.017

	Introduction 
	Materials and Methods 
	Results 
	Microstructure Results and Evaluation 
	Evaluation of Mechanical Test Results 
	Evaluation of Milling Test Results 

	Conclusions 
	References

