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Abstract

Biomedical austenitic stainless steel (ASTM F2581) has been processed by the powder metallurgy
technology using binder assisted extrusion method and aside a sintering aid. The resultant
microstructure was examined by optical microscopy, field emission scanning electron microscopy,
transmission electron microscopy and x-ray diffraction methods. The optical microscopy images
indicate that using the binder and sintering aid considerably decreases the porosities of the sintered
samples. The x-ray diffraction and transmission electron microscopy images reveal that the
microstructure of the sintered alloy consists of austenite in nanocrystalline form and amorphous
phases. The mechanical properties were measured through compressive tests. The mean yield strength
is estimated at about 824 MPa, and the compressive strength exceeds 1GPa, which is superior to the
austenitic stainless steel produced through the conventional methods. Furthermore, the process
followed here is compatible with large scale industrial production at a reasonable cost.
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1. Introduction

Austenitic stainless steels are used in medical applications, such as implants and orthodontic devices,
extensively [[1], [2], [3]]. However, many problems have been reported with using this group of
materials in human bodies. The most significant problem issue is associated with the metal ions or
fretting debris—such as nickel ion—being freed from the implants in the organs due to the corrosion
and wear phenomenon. The released nickel ions act as allergens in the human body, which can cause
inflammation, like itching and swelling of skin [[4], [5], [6]]. Due to the negative impacts of nickel ions
on body tissues, nickel-free austenitic stainless steel systems, like Fe—Cr—Mn—Mo—N, have been
advised as a replacement for typical nickel-containing alloys [7,8]. Nickel is an austenite stabilizer in
austenitic stainless steels or 18—8 stainless steel groups. In the nickel-free steel grades, nitrogen is used
instead of nickel to stabilize the austenite phase [9].

Several methods—including powder metallurgy, melting processes and solid nitrogen absorption
treatment—have been developed to produce nitrogen containing nickel-free austenitic stainless steels.
Powder metallurgy is a unique technique in which metallic and alloy materials are produced from the



metal powders in a wide variety of shapes and applications [10]. The high precision forming potential
of powder metallurgy creates components with a final shape and complex structure, without the need
to use metal removal processes such as machining [11]. In the powder metallurgy method, the powder
of nickel-free stainless steel is mostly prepared using the mechanical alloying technique. The
mechanical alloying is the process of synthesizing a wide variety of microstructures, including the
supersaturated, metastable crystallite and nanostructured ones [11]. Nanostructured metallic
materials with the nanocrystalline and ultrafine-grained structure show special mechanical properties,
e.g., superior yield stress, strength and hardness [[12], [13], [14], [15]]. The yield stress, ultimate
strength and hardness are increased due to decreasing the grain size, reaching ultra-high values at very
small grain sizes, mainly due to the blocking of dislocations from slipping by grain boundaries

[[16], [17], [18], [19]]. Increasing the strength leads to a reduction in the dimensions of components
and their weights [20], which appeals to its use in medical applications.

There are several ways to process the milled powders and manufacture the steel parts with the
powder metallurgy including hot extrusion, hot forging, hot isostatic pressing (HIP), metal injection
molding (MIM), press sintering (PS), and so forth [[21], [22], [23]]. Most of these methods require a
combination of high temperature with high pressure for fabricating a component, making it
complicated and expensive to proceed. Additionally, in some methods such as HIP, it is not possible to
build large components [24]. The PS method has been used for the fabrication of nickel-free stainless
steels (ASTM F2581) in our laboratory [25]. Limitations and disadvantages of the PS—such as
difficulties in achieving a high density, a challenge in fabricating large size parts, and high cost of the
processing method—provide the primary motivation for investigation of new techniques with more
capabilities. To solve these problems, we consider the binder assisted extrusion method (BAE) in this
investigation for the processing of the alloy. This method is another powder metallurgy process in
which a binder facilitates the formability of the powders and makes it possible to produce the large
samples [24,26].

The BAE method is a unique process for fabricating ceramic components [27]. In the manufacturing of
the ceramic parts by powder technology, the powders are often non-plastic and require the use of
some additives for improving their formability [28]. Research has demonstrated utilizing binders that
mix well with ceramic powders provides a paste with adequate rheological characteristics, improving
their formability during extrusion processes. These binders also stabilize the shapes of extruded parts
after the extrusion operation [[29], [30], [31], [32], [33]].

Based on this concept in this study, a polymeric binder is utilized for the first time in the production
processes of the nickel-free austenitic stainless steel (ASTM F2581 grade). A sintering aid component
(Mn-11.5 wt% Si) with 0, 3 and 6 wt% is also added to improve the sintering treatment and facilitate
the manufacturing process. The processing treatment of the green sample is completed at ambient
temperature without using a high pressure. For this reason, it is not necessary to use a high
temperature mold and an expensive hot press system in the forming process. The high temperature
mold requires a heating system that increases the cost of production. On the other hand, the
depreciation of the high temperature mold is much higher than low temperature mold, and thus, the
cost of renovating the mold should be considered.



Significant microstructural and mechanical properties are also achieved using the binder aside from the
sintering aid. Significantly, the binder makes it possible to produce large and flawless components. It
should be noted that the corrosion resistance and biocompatibility behavior of ASTM F2581 proceed
via the PS method were investigated by our group [34]. The results reveal that the alloy has proper
biocompatibility behavior and, therefore, this paper does not provide further information regarding
this topic.

2. Material and methods

The primary aim of this investigation is to fabricate the nickel-free stainless steel ASTM F2581 using the
BAE powder metallurgy technique. The summary of the process is schematically shown in Fig. 1.
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Fig. 1. The synthesis steps for the production of Ni-free stainless steel.

2.1. Powder preparation

Atomic elements of iron, chromium, molybdenum, manganese and silicon supplied by Merck and FesN
as a supplier of nitrogen alloy were mixed and ball milled with a ball to powder weight ratio of 20:1
under the protection of argon atmosphere. The nickel-free stainless steel powders were developed
after 48 h milling. Sintering aid powders (Mn—11.5 wt% Si) have been prepared in the same way and
were added by 0, 3 and 6 wt% to the stainless steel powders. The composition of the fabricated alloy
powders is Fe-17Cr-10Mn-3Mo0-0.4Si-0.5 N-0.2C wt% (ASTM F2581), with an average particle size of
10 um. The detail of the powder fabrication is presented elsewhere [10]. The shape and size of the
alloy and sintering aid (Mn-11.5 wt% Si) powders are shown in Fig. 2.
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Fig. 2. SEM image of the milled (a) ASTM F2581 and (b) sintering aid powders.

2.2. Paste preparation

The paste preparation was completed by mixing the alloy powder and binder, resulting in the high
viscose fluid. The binder is a mixture of several polymers that reduces friction between the solid
particles and facilitates the movement of powder particles for more proper shaping treatment. The
binder consists of 20 wt% adhesive, 30 wt% plasticizer, 5 wt% dispersant and 45 wt% solvent. The
optimum amounts of the components in the binder have been determined from the Taguchi model.
For the paste preparation, polyvinyl pyrrolidone (PVP), ethylene glycol and stearic acids are used as an
adhesive, plasticizer and dispersant, respectively, with cyclohexane utilized as a solvent. The solid
powders consist of ASTM F2581 alloy and Mn-11.5 wt% Si sintering aid. The solid powder of ASTM
F2581 containing 0, 3 and 6 wt% sintering aid were prepared according to Javanbakht
recommendation [35]. The solvent, adhesive and plasticizer were well mixed in a shear mixing system
at 100 rpm. To obtain a uniform paste, the adhesive and plasticizer were dissolved in the cyclohexane
solvent, and then the alloy powder was added and mixed in the shear mixing system. In the next step,
the solvent was added to the mixture slowly until a uniform paste with good formability was obtained.
The paste was stored for about 4 h in a nylon protector for the volatilization of the solvent and aging
process.

2.3. Quality control of the paste

The rheological behavior of the paste with 60, 65, 70, 71, 75 and 76 vol% of solid powders was
investigated by a torque rheometry test through measuring the viscosity versus shear rate. These
concentrations are selected based on the work of other investigators [36]. The solid powders in this
test consist of 94 wt% ASTM F2581 alloy and 6 wt% sintering aid. A capillary rheometer (RH 2200
Rosand,) was used for this measurement.

2.4. Paste extrusion and sintering

The prepared pastes were extruded at a pressure of 5 MPa through a floating die in a conventional rod
extrusion method. A die with a hole diameter of 4 mm, semi-angle of 90° (flat die) and die land length
of 10 mm was used with an extrusion ratio of 10. The extrusion treatment was carried out at a
constant speed of 1 mm/s at room temperature. The use of polymer facilitated the initial forming
processes at room temperature. As mentioned earlier, the current technique has been used to make
ceramic parts. One of the important advantages of this method is its cost effectiveness and
accessibility of the required equipment. A simple press and an ordinary furnace are the only



instruments needed to fabricate the part with this method. The alloy was produced using the hot
powder forging technique in our laboratory [36]. Moreover, the issue of limitation of large sample
parts production by the hot powder forge was resolved in the BAE method. In the next step, the
extruded sample that contained the binder (known as the green sample) was placed at a temperature
of 550 °C at a neutral atmosphere to remove the binder. The sample, after removing the binder, is
called the brown sample. The brown sample was then encapsulated in an evacuated quartz crystal and
sintered for 60 min at a temperature of 1150 °C. This sintering temperature is the optimum
temperature for sintering the alloy, stated by Javanbakht during PS method processing [10]. Finally, the
sample was immediately cooled in water to maintain the high-temperature austenitic structure at
room temperature [37]. A typical material produced by this method is presented in Fig. 3.
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Fig. 3. Typical of ASTM F2581 alloy produced utilizing the BAE method.

2.5. Specimen characterization

Microstructural characterization of the green, brown and sintered samples was conducted by scanning
electron microscopy (SEM) and field emission electron microscopy (FE-SEM). The microstructures of
the sintered samples were also studied by optical microscopy after polishing and etching by the oxalic
acid etchant. The x-ray diffraction technique was used to analyze phase formation and measure
crystallite sizes after sintering. The quantitative analysis of XRD data was completed using Maoud
software [35]. The relative content of present phases and crystallite size were estimated by the
Rietveld analysis. The amorphous phase content was also determined by the Rietveld analysis of the
XRD patterns. The known amount of nanocrystalline Fe powder was used as a standard, as detailed in
Ref. [14].

The validity of the XRD results was verified by transmission electron microscopy (TEM). To prepare the
TEM sample, a sintered specimen was cut into a disk of 3 mm in diameter, ground to approximately
100 um in thickness, then electropolished to obtain a few micrometer thickness specimens. The
porosity level and density of the samples are two critical parameters that significantly affect their
properties. Therefore, the size, shape and percentage of porosities of the sintered specimens were
investigated by optical microscopy (OM), scanning electron microscopy (SEM) and image analyzer
software. The density of the samples was measured by the Archimedes method.

2.6. Mechanical testing

The microhardness properties of sintered samples were obtained by the Vickers method. At least five
randomly-located points were measured to obtain the hardness of samples, and then the average
values were reported. The compression strength of the prepared samples was measured using the



uniaxial compressive tests, according to ASTM:E9 [38]. The cylindrical samples with an aspect ratio of
1.5 were used. The compression tests were done at a constant speed of 0.1 mm/s, with at least three
replicates to ensure the results. Testing continued up to 50% deformation for all samples. The results
have been obtained in terms of Force-Displacement, and then converted to the engineering stress-
strain data.

3. Results and discussion

3.1. Paste fabrication

The initial stage of the manufacturing process is the paste preparation. The rheology behavior of the
paste has a strong influence on the quality of the production piece. The interesting point of this
research is the use of a set of polymers as a binder in the paste to facilitate the extrusion process at
room temperature. The paste properties are strongly dependent on the amount of the alloy powder
and binder in the mixture. In particular, the formability of the paste is an essential characteristic in the
forming process, which is strongly influenced by the viscosity. The low amount of polymer increases
the viscosity and reduces the formability of the paste, which may create a cavity in the molding
processes. High polymer content is also not appropriate, as it may cause solid particles to separate and
paste to behave similar to a fluid [39].

Luoe et al. [40] developed an equation that expresses the relationship between viscosity and load
change rate in back extrusion experiment as:

(1)

1 dF
Tave = 2mAcy, " dt

where napp is the viscosity, V, is the punch velocity, A is the extrusion ratio, dF/dt is the load change
rate and Cis a constant. According to Eq. (1), a decrease in viscosity decreases the load change rate.
This indicates that when the viscosity is low, the paste is easily extruded or shows proper formability.
On the other hand, the viscosity is affected by the solid powder ratio. The ratio of the solid powder to
solid powder plus binder is expressed as follows:

(2)

_ Wo/ Py
Wp/pp +Wy/pp

where @ is solid load, and W, and W, are weight of the alloy powder and the binder (polymer),
respectively. Meanwhile, pp and py are the powder and the binder densities, respectively [39].

@ 100

Generally, the solid powders for a paste should contain more than 60% solid load [41]. To determine
the optimum condition, we start from this ratio and 5% lower. Therefore, the pastes with 55, 60, 65,
71, 75 and 76 vol% solid loads were fabricated. The viscosity variations of prepared pastes with shear
rate were examined using a rheometer. The change in log-log presentation of viscosity versus shear
rate is shown in Fig. 4. The solid powder here contains 6 wt% sintering aid. The results clearly show a
reduction in the viscosity of the paste with an increase in the shear rate. This phenomenon is known as



shear-thinning. Shear thinning occurs due to the breakdown of the floccule particles, which prevents
the paste from flocculation. Our paste demonstrates non-Newtonian pseudoplastic behavior [42]. The
same trend has been observed for the samples containing 0 and 3 wt% sintering aid.
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Fig. 4. The variation of the viscosity with shear rate for 60, 65, 71, 75 and 76 vol% solid load in 6 wt% sintering
aid.

The mixer available in our laboratory works at a shear rate of 30 s™*. Therefore, the viscosity data of
this shear rate versus solid load is taken from Fig. 4 and is plotted in Fig. 5. Also, the effects of adding O,
3 and 6 wt% sintering aid on the viscosity were investigated in this stage (Fig. 5). In general, the
viscosities tend to increase with increasing the solid load. Fig. 5 shows that this trend for metals
powder containing 0, 3 and 6 wt% sintering aid is about the same. The results also indicate that an
increase in sintering aid value causes a small decrease in the viscosity for all ranges of the solid
powders.

2.01E+04

1.81E+04 [ ==—0% Sintering aid
1.61E+04 [ —#—3% Sintering aid
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79
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Fig. 5. The viscosity changes in terms of solid-phase percent at a shear rate of 30 S~ for 0, 3 and 6 wt% sintering
aid.

There are many factors, including the hardness, shape and size of solid particles that affect the
viscosity properties of pasts [26]. The shape and size of particles for the metal and sintering aid that
have been used in the present study are almost similar (Fig. 2). Therefore, these factors do not cause a
significant change in viscosity behavior of the paste. The sintering aid (Mn—11.5 wt% Si) has less



strength than ASTM F2581, so less friction is creating with adding sintering aid in solid powder. This
results in a slight decrease in the viscosity of the paste, as seen in Fig. 4.

With attention to Fig. 5, it can be seen that a small increase in the viscosity of the mixture with an
increase in the solid load amount up to the value of ¢ equal to 71 vol%. At this point, a sharp rise in the
viscosity is revealed. The polymer creates a lubricating property between the particles. In this ratio of
solid load and higher, the amount of polymer is low, and the lubrication between the particles is not
enough, so the viscosity rise up. The viscosity has an inverse relationship with the paste formability
[43]. This means that as viscosity increases, the paste formability decreases, and processes are not
economical. Therefore, for the paste preparation, the percentage of the solid load in the mixture
should not be more than this ratio. The graph shows that the viscosity is small when the parameter is
under 55 vol%. In other words, the mixture shows very low viscosity and very high formability with
solid load lower than 55 vol%, but the problem in this area is that the paste is not stable and appears
to be a fluid. This instability has occurred because the binder value is higher than the amount required
for powder wetting. So, a ratio of less than 55 vol% is rejected. The same test has been completed on
the sample with a 60 vol% solid load. The results reveal that for this sample, the viscosity is low enough
and formability is excellent. Therefore, according to the results of the rheometry, the solid load portion
should be in the range of 60—71 vol%. Chen et al. has completed investigations on the behavior of
stainless steel pastes, and recognized that this range of solid loads provide suitable viscosity [26].

Another critical factor in the paste preparation process is the cold extrusion capability. Fig. 6 shows the
typical extrusion pressure versus extrusion stroke for samples with 60, 65 and 71 vol% solid loads. As
seen for the sample with ¢ equal to 71 vol%, the extrusion pressure increases in the initial stage and
then remains constant up to a distance where a sharp increase occurs. A phenomenon that occurs at ¢
equal 71 vol% and above is the separation of the binder from the paste. Because of this, the lubricant
processes are not sufficient and cause an increase in the internal friction between the powders. This
leads to the increase in the pressure required for incremental of densification as compaction
progresses. This area is known as the dead zone.
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Fig. 6. Extrusion pressure vs. stroke curves obtained from forming of the stainless steel pastes by rod extrusion
method in 60, 65 and 71 vol% solid load.

In the case of ¢ equal 60%, the initial increase in the extrusion pressure is seen, which is followed by
constant pressure. No growth is found for this solid load; however, instability of the extruded paste is
deemed problematic. The stability of extruded paste depends on the values of the binder between the
particles. The presence of high amount of binders in this sample causes the particles to slip with low



force, and the instability of the formed part occurs [43]. For the paste sample with ¢ equal 65%, the
initial increase in the extrusion pressure is also seen, which continues in a constant pressure region. No
substantial increase in extrusion pressures at the end of extrusion stroke is observed, and the shape of
the final pieces is also adequately stable. In addition, the sample with 65 wt% solid load contained
fewer defects and had higher density. Therefore, this solid load is selected as the optimal condition for
the paste preparation.

The SEM images of the green, brown and sintered samples containing 6 wt% sintering aid are shown

in Fig. 7. Fig. 7a is the image of the green sample and a thin layer of the binder—which covers all
particles—can be seen in the picture. To show the presence of polymer in the green sample, BSE (Back
Scatter Electron) technique and EDS analysis was utilized. A thin layer of polymer is marked on the BSE
image of the green sample (Fig. 7a). The EDS analysis reveals a sharp peak for carbon on this sample.
The polymers mostly consist of C and H elements. The appearance of sharp carbon peak for this sample
proves the presence of polymer on the particles.

Polymer
film

“* Solid pgwders

Fig. 7. SEM images of (a) green sample, (b) brown sample and (c) FE-SEM image of the sintered sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 7b shows the micrograph image of the brown sample. The image indicates that the binder has
entirely left the sample, and bridges between the powders have been appropriately created. This is an
initial stage of the sintering processes [44]. Fig. 7c displays the FE-SEM photograph of the sintered
sample after the chemical etching. As seen, the connection between the powder particles has been
established entirely during the sintering processes. Fig. 8 presents an image of the sample containing
6 wt% sintering aid that was polished and etched by oxalic acid solution. The austenite and some
porosity are visible in the microstructure. Some of the porosities seen in the sintered powder
boundaries are related to the sintering aids. The EDS analysis has been obtained from this area. The
result is presented on the right side of Fig. 8 and confirms presence of sintering aid in the
microstructure.



ASTM F2581 is a corrosion resistant alloy that exhibits exceptional resistance to corrosive
environments Meanwhile, the Mn__Si additive is a common alloy that shows low resistance to the
corroded solution and appear as pores in the etched microstructure [44]. The corrosion resistance of
ASTM F2581 is due to formation of the spontaneously formed passive films on its surface in aqueous
solutions or under the influence of moist air [45]. Moreover, Gavriljuk et al. [46,47] have reported that
the presence of nitrogen in austenitic stainless steels strongly affects their electrochemical properties,
which is a consequence of the electronic exchange between iron and nitrogen atoms in austenitic fcc
lattice. Accordingly, the increase in free electron density—because of nitrogen atoms in iron lattice—
favors the short range ordering and enhances the metallic character of interatomic bonds. Bonding
between atoms of iron and nitrogen causes an enhanced thermodynamic stability and resistance
against the corrosive environments.

3.2. Porosity evaluation

The porosity is an important index that determines the mechanical behavior of the alloy. The
microstructural analysis investigated the presence of porosities. Fig. 9a, b and c indicate the SEM
micrograph of the polished samples proceed via the BAE method containing 0, 3 and 6 wt% sintering
aid, respectively, with all sintered at a temperature of 1150 °C. In the microstructure shown, the gray
area indicates the austenite phase, while the dark regions represent the porosities.

Porosity Parosity

Porosity

Fig. 9. SEM micrograph of polished samples containing (a) O, (b) 3 and (c) 6 wt% sintering aid, all sintered at
1150 °C.



The microstructure of the polished sintered sample with 0 wt% sintering aid is shown in Fig. 9a. Coarse
and multifaceted porosities are well visible in the image. Fig. 9b is the microstructure of the polished
sintered sample with 3 wt% sintering aid. The micrograph signifies the contraction of the porosities
caused by increasing the sintering aid content. Fig. 9c is the polished microstructure of the sintered
sample containing 6 wt% sintering aid. The figure shows that the size and volume percentage of the
pores have decreased considerably with the increase of the sintering aid to 6 wt%. The pictures also
indicate that by increasing this additive, pore geometry tends to form a circular and round shape.

Image analyzer software was used to calculate the porosity percentages of the sintered samples. The
results for three different samples are provided in Fig. 10. In the sample with 0 wt% sintering aid, the
porosity is about 8.9%, while for 3 and 6 wt% sintering aid, the porosity percentages are about 8.5 and
6.8%, respectively. These results confirm that an increase in the sintering aid value leads to a
considerable decrease in porosity percentage. The sintering aid (Mn-11.5 wt% Si) is an eutectic alloy
with the melting point of 1140 °C [48]. Indeed, sintering at 1150 °C leads to melting of eutectic alloy
and formation of a liquid phase in the components. The liquid phase penetrates due to capillarity force
to pores, along with facilitated diffusivity and densification process [44]. This causes a noticeable
decrease in size and also the shape of the porosities.
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Fig. 10. Variation in porosities with sintering aid values.

These results indicate that the percentage of the porosities content for the sample with 6 wt%
sintering aid fabricated by the BAE method is about 13.7% less than those samples that were produced
by the PS method with the same values of sintering aid and sintering temperature, reported by
Javanbakht and Salahinejad [35]. This decrease is related to the role of the binder in manufacturing
processes. In the BAE process, the binder facilitates the better movement of the powder particles due
to ball bearing action and improves filling the gaps between them [49,50]. Therefore, less porosity is
retained between the particles during the paste preparation treatment.



3.3. Density evaluation

Densities of green samples have been obtained from measurements of the weight and volume of the
specimens and using the equationp=mv. The relative densities for samples with 0, 3 and 6 wt%
sintering aid are measured as 5.7, 5.81 and 6.09 g/cm?3, respectively. The average green densities of the
samples prepared by the PS method with 0, 3 and 6 wt% sintering aid is reported as 5.58, 5.75 and
5.83 g/cm3, respectively [51]. The results indicate a 4% improvement in the green sample densities
obtained by the BAE method with 6 wt% sintering aid.

The densities of the sintered samples were measured by the Archimedes method. The results for
samples with 0, 3 and 6 wt% sintering aid are presented in Fig. 11. The results reveal that an increase
of the sintering aid value from 0 to 6 wt% causes a 2.2% increase in the relative density of the sample.
Comparison of the results obtained from the specimens fabricated by BAE and PS methods [51] show a
3% increase in the Archimedes density of the sample produced by the BAE method, with the same
values of sintering aid and sintering temperature (6 wt% sintering aid and temperature of 1150 °C).
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Fig. 11. Variation in densities of samples with sintering aid values.

3.4. Material characterization

The sample with 6 wt% sintering aid (Mn-11.5Si) was used to study material characterization. This
sample had the least structural defects, so it was selected for study. The positive role of this sintering
aid was approved elsewhere [35]. The elemental analysis of the final sintered sample was conducted
by XRF and LECO. The chemical composition of the sample is Fe-16.1Cr-14.8Mn-2.9Mo0-1Si-0.45 N-
0.17C. It is noticeable that required chemical composition of ASTM F2581 has been obtained.

Fig. 12 shows the XRD analysis of the sintered samples containing 6 wt% sintering aid. The sharp
observed peaks belong to iron (austenite phase). The small peaks between 30° and 45° and between
70°and 90° are related to chromium carbides and chromium nitrides. Due to the presence of carbon
and nitrogen in the alloy, the formation of these compounds is inevitable. The x-ray diffraction pattern
analysis was prepared by the Rietveld method. The results indicate that microstructure of the sample
contains about 42% crystallite austenite phase, 55% amorphous phase and an insignificant amount of



the ferrites (about 0.01%). Ferrite phases cannot be detectable in the XRD pattern at such low levels.
Ferrite is an undesirable phase in austenitic stainless steel medical grades, but its low values here can
be ignored. The crystallite sizes determined by the XRD analysis are about 40 nm. It is well known that
by developing a grain refining process, a significant improvement in mechanical properties —like
strength, fracture and fatigue behavior— is attainable [10].
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Fig. 12. XRD pattern of the sintered sample containing 6 wt% sintering aid.

Investigation of the microstructure by TEM is presented in Fig. 13. Two distinct areas can be seen in the
microstructure. A relative shaded area and a white area are shown by A and B on the TEM images,
respectively. Selected area diffraction (SAD) patterns are taken from the dark and white areas, as seen
in Fig. 13. The SAD results indicate that the shaded area (A) is composed of a crystallite phase in the
size of a few nanometers, while the white areas (B) are amorphous phases.

Fig. 13. TEM image of the sintered sample with 6 wt% sintering aid.

Mechanical alloying is a process that generates a high volume of dislocations in the microstructure.
These dislocations have been arranged during sintering processes, producing subgrains and crystallite
in nano-size. The method also causes amorphization in the microstructure. Amini et al. have proven
the formation of these nanostructures and amorphization in the ball milling production processes of
ASTM F2581 [52]. The nanostructure, formed during mechanical alloying, contains a high amount of



grain boundary areas per unit volume of the material. As a result of this structure, a considerable
amount of energy is stored in the material as grain boundary energy. This energy provides a high
driving force for grain growth at high temperatures when the atomic diffusion is fast enough.

The stability of the nanograins in such high temperatures (i.e., sintering temperature of 1150 °C) is an
exciting subject. The reason why these nanosize grains are stable in such conditions may be attributed
to the presence of excessive nitrogen in the structure [37,53]. The solubility of nitrogen inside the
crystal is limited, thus tending to accumulate at the grain boundaries. The accumulation and
segregation of this interstitial element at grain boundaries can prevent grain growth at high
temperature [37]. Carbon can also play a similar role in the material [54]. Nitrogen and carbon, by a
mechanism of locking mobile dislocation and fixing them, prevent the grain growth in the grain-refined
structures. This was shown in our previous works [37,54]. Also, the Rietveld analysis has confirmed the
formation of the amorphous phase in the microstructures. The previous study has also shown
amorphization can be produced due to severe plastic deformation during mechanical alloying. In the
amorphous areas, high-energy grain boundaries are not available. Therefore, the amorphous regions
also avoid the grain growth phenomenon through the sintering processes.

It should be noted that the presence of nitrogen is also an essential factor in the stability of the
amorphous phase and in retarding the nano-grain sizes. The encapsulation of the brown samples
during sintering processes prevents excessive nitrogen from escaping the specimen (LECO's analysis
indicates that only 0. 04% of the nitrogen was released) and maintains the stability of the amorphous
phase and nano-size structure [11,37,51,55,56]. Similar behavior in structural refinement has been
reported by the presence of boron in mechanically alloyed Co-based alloys [57].

The homogeneity of the alloy was investigated by taking the EDS-SEM map of Mn, Si and Cr (Fig.
14). Fig. 14a presents the SEM micrograph of a considered area, while Fig. 14b, c and d show a
distribution of Mn, Si and Cr in the microstructure, respectively. The results reveal that the proper
distribution of the alloying elements occurs in the microstructure of the samples processed by using
the BAE method. Since the grains are nano-size and diffusion path is in the nanometer range, such
homogeneity is provided [25].
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Fig. 14. (a) SEM micrograph and EDS map of (b) Mn, (c) Si and (d) Cr for the sintering aid-containing sample

sintered at 1150 °C.

3.5. Mechanical properties analysis

The variation of hardness with increasing the sintering aid weight percentages is plotted in Fig. 15. The
results show that the hardness of the samples with 0 wt% sintering aid is 295 HV, with 3 wt% sintering
aid is 319 HV, and 6 wt% sintering aid is 339 HV. These results indicate that hardness of the samples
increases by about 8% with adding 3 wt% sintering aid, and increased 13% with adding 6 wt% sintering
aid. In comparison, the hardness of this steel is about two to three times higher than the hardness of a
conventional AISI 316 L stainless steel, depending on the sintering aid values [7]. Hardness is the
resistance of a material against plastic deformation, and plastic deformation is caused by the
movement of dislocations [58]. The presence of very small grains with a high volume of grain
boundaries in the microstructure generates local stress field that interacts with dislocations, impeding
their motion and leading to an increase in the hardness properties of the material [59].
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Fig. 16 shows the results of the stress-strain curve of the ASTM F2581 obtained by the BAE method and
using varying amounts of sintering aid. These plots are derived from the compression tests on the
samples with 0, 3 and 6 wt% of Mn-11.5 wt% Si sintering aid. In general, the slope of the stress-strain
curve in the elastic area, which is defined as Young's modulus, increases by increasing the sintering aid
weight percent. This implies a direct relationship between Young's modulus of the product samples
and the increase in the sintering aid values. A power equation which properly explains this issue is:
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Fig. 16. (a) The true stress-strain curve, (b) yield strength and (c) compressive strength of the sintered samples at
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In which E is Young's modulus of porous samples, Ep is Young's modulus of a dense sample, p is the
porosity fraction, and f; and f, are constants of 1.9 and 0.9, respectively [37]. Young's modulus
describes the elastic behavior of the alloy. One area of interest is the potential to modify the flexibility
or bending stiffness of orthopedic implants through the use of engineering porosity [60]. For this issue,
Young's modulus can be altered by variation in pore shape and distribution [60].



The stress-strain curve in Fig. 16a shows that departure from elastic to plastic state for ASTM F2581
has been progressed homogenously. This means that a distinctive yield point is not clear on the stress-
strain plot. The yield strength was determined using a conventional offset method (offset 0.2%). Since
the material did not fail during the compression test, the compressive strength was discovered at a
strain of 50% for all states, according to ASTM E9 [61]. Fig. 16b and c indicate the variation of the yield
and compressive strength of the samples with different values of the sintering aid. It is observed that
the sample contains 0 wt% sintering aid and yields at a stress of 450 MPa. The compressive strength at
this sintering aid percentage is 718 MPa. For the sample with 3 wt% sintering aid, the yield strength is
obtained as 671 MPa and compressive strength is about 1122 MPa. The results indicate that by adding
about 3 wt% of the sintering aid, an increase of 36% in the yield and compressive strength occurs. The
increase is more noticeable as the sintering aid increases to 6 wt%. The samples obtained with this
amount of sintering aid exhibit outstanding yield and compressive strength of 824 MPa and 1326 MPa,
respectively. The values of the yield and compressive strength are about 48% and 46% larger than the
sample with 0 wt% of the sintering aid.

As mentioned earlier, the alloy of ASTM F2581 was produced by Javanbakht et al. through the PS
method using the same sintering aid and without using any binder [10,35]. The values of yield and
compressive strength of the samples measured by the PS method are reported as 755 MPa and

1230 MPa, respectively [10]. Comparing the results obtained from the BAE and PS method shows
8.37% and 7.23% improvement in the yield and compressive strength, respectively, by using the BAE
method. It is evident from the results that samples of ASTM F2581 obtained by BAE technique provide
a considerable improvement in mechanical properties. The importance of manufacturing the ASTM
F2581 austenitic stainless steel by the binder assisted extrusion method is more evident by comparing
the mechanical properties of this steel with the austenitic stainless steel produced routinely by the hot
rolling process. The yield and ultimate strength for the hot-rolled AlSI 304 L stainless steel have been
reported as 426 MPa and 673 MPa, respectively [62]. The results indicate that the yield and
compression strength of ASTM F2581 obtained through the BAE method has increased by a factor of 2,
as compared with the usual AISI 304 L stainless steel.

Ductility is another valuable mechanical property of metals for forming and shaping operations and for
preventing catastrophic failure in services. In the compression test of ductile materials that does not
fail during the test, the uniform elongation or strain of compressive strength may be a proper criterion
to evaluate the ductility. In compression tests of samples with 0, 3 and 6 wt%, the sintering aid up to a
50% strain shows no brittle fracture, as shown in Fig. 17. This means that the alloy can practically
undergo more than 50% deformation in pressure. The obtained ductility is comparable to dense-hot
roll-steel and is much more than AISI 316LN steel [63].
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Fig. 17. Comparison of prepared compression test sample and tested sample according to ASTM E9
recommendations.

Achieving such respectable strength and ductility in nanocrystalline biomedical stainless steel grade is
due to considering the new strategy in manufacturing processes. As mentioned earlier, a set of
polymers was used in the powder preparation stage of the present study. Using the binder improved
the fluidity of the powders and, therefore, considerably decreased the formation of the pores and
large flaws in the microstructure. Another essential factor in the strength and ductility of the alloy are
the shape and morphology of the pores. The rounded pores is less damaging than sharp, angular
porosities [44]. The detrimental impact of sharp and angular pores is much more noticeable in terms of
dynamic loading conditions than in static loading states. The sharp, angular porosity becomes a point
of stress riser and a potential site for crack initiation and occurrence of a brittle fracture [44]. Changing
the nature of pores from sharp and angular to a spherical shape and smaller size by using the binder
aside sintering aid is seen in the microstructural analysis (Fig. 9).

Another noteworthy parameter in improving mechanical properties is the benefit of the grain
refinement mechanism. The grain size of the ASTM F2581 alloy produced via the BAE method is in the
range of the nano size and is much finer than the grain size of conventional commercial alloys, like AlSI
304 L (about 20 um from Fig. 4 of Ref. [62]. According to the Hall-Petch relation, the yield stress

oy depends on the grain size d as [64].

(4)
_1/
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where op is the friction stress, and K is a constant of the material.

Increasing the strength by decreasing the grain size is associated with the dislocation activity and the
interaction with the grain boundaries obstacles. The dislocations sent out from dislocation sources,
gliding on the slip plans and pile up at barriers such as grain boundaries [58]. The number of
dislocations accumulating in piles is proportional to grain sizes. By decreasing the grain sizes, the
number of dislocations in piles is reduced [58,64]. It is noteworthy that the leading dislocations in the
pile up are forced not only by applying shear stress but also by the interaction of forces with the other
dislocations accumulated in the pile up. The overcoming of the leading dislocation over grain boundary
barriers and the occurring of plastic deformation require high-stress levels. In coarse-grain
microstructures, some portion of the required forces is provided by a high volume of pile up



dislocations. In contrast, at a finer grain microstructure material, this source of forces is not available,
and higher applied stress should act as the start of the plastic deformation or yielding.

Another mechanism that attributed to the improvement of the strength is the presence of
supersaturated of nitrogen in the microstructure of the alloy [65,66]. The FesN powders via mechanical
alloying entered nitrogen into the microstructure [66]. The creation of the high density of defects along
with the mechanical alloying significantly raises the nitrogen solubility, so a high concentration of the
nitrogen entrapped at dislocation elastic stresses fields and causes them to be locked [66,67]. The
immobility of dislocations due to interlocking with the nitrogen atoms through the microstructure
[68,69] leads to a considerable increase in the strength.

It should be noted this ductility was measured under the compression test, and its value should be
higher than those in tension test due to presence small amount of porosities in the microstructure. The
failure of ductile metals in the tensile test consists of three-stages of void nucleation, growth and
coalescence [70]. The presence of the porosities will reduce the ductility, since microvoids pre-exist
before any stress is applied, and the nucleation stage of a ductile fracture is bypassed [71]. Moreover,
porosity larger than a critical size in metals causes stress concentrations to occur near them. It results
in local plastic deformation and the development of microcracks that decrease the metal tensile
ductility [71]. Since the pores are closed in the compression test, they cannot cause the reduction of
ductility in this state of loading.

3.1. Economic aspects

Since we proceed this alloy in our laboratory by both BAE and hot powder forge [36], cost analysis was
performed for these two methods. An approximate cost of making a sample is 265 € per kilogram
which includes the cost of raw materials, additive cost, and extrusion cost for sintering operation. To
produce one kilogram part by hot powder forging method, there is a need to use hot forge at a cost of
110 € per hour. If we consider a five-hour time to produce parts in hot powder forge, we can estimate
that 2 times of the total cost can be saved in production of nickel free stainless steel using BAE method
compare with the hot powder forge technique. It should be noted that the price calculation here is for
the laboratory scale and at the industrial scale the prices are much lower.

4. Conclusion

ASTM F2581 nanostructured nickel-free stainless steel for medical applications was fabricated by using
the BAE method alongside 0, 3 and 6 wt% sintering aid. It has been determined that the binder has a
significant effect on the paste characteristics and the sintering processes. The prepared specimens with
optimal contents of binder show the formation of nanostructure and a considerable decrease of the
pores, leading to high densities and outstanding improvements of the mechanical properties, such as
hardness and compressive strength. For the optimum specimen, the results indicate yield strength up
to 824 MPa, compressive strength up to 1326 MPa, uniform elongation in the range of 50% and
hardness properties of 339 HV. The method is utilized for the first time for making medical-grade
stainless steel. It facilitates the production of large-size components, which are usually too difficult to
make using other powder metallurgy techniques.
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