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Abstract

The 316L-hydroxyapatite biocomposites were produced by the powder metallurgy technology.
The properties and microstructure of these materials are affected by the chemical composition
of the powders mixture and the sintering temperature. The sintering temperature of 1240°C and
hydroxyapatite addition in an amount of 3% of mass obtained the highest density and hardness
and smaller open and closed porosity. Hydroxyapatite addition to austenitic stainless steel
modified sintering behaviour. During heating the thermal decomposition of hydroxyapatite
took place, which led to the formation of a CaO phase. However, phosphorus diffused into the
austenitic matrix and was involved in the eutectic transformation.
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Streszczenie

Kompozyty 316L-hydroksyapatyt zostaly wytworzone technologia metalurgii proszkow. Wta-
$ciwosci 1 mikrostruktura badanych materialow uzaleznione sa od sktadu chemicznego mie-
szanki proszkow oraz zastosowanej temperatury spiekania. Temperatura spiekania 1240°C
i dodatek hydroksyapatytu w ilosci 3% wag. pozwalaja uzyskac najwyzsza gestosc i twardosé
oraz najmniejsza porowatos$¢ otwarta i zamknigta. Hydroksyapatyt wplywa na przebieg procesu
spiekania stali austenitycznej. Podczas nagrzewania nastgpuje rozklad hydroksyapatytu, ktory
prowadzi do powstania fazy CaO. Natomiast fosfor dyfunduje do osnowy austenitycznej, a na-
stepnie bierze udzial w przemianie eutektycznej.
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1. Introduction

Dueto its interesting properties, the hydroxyapatite plays an important role as a biomaterial.
It is characterized by the highest biocompatibility and biological activity of all the materials
used in medicine. Hydroxyapatite owes these features to the similarity of chemical and phase
composition to inorganic phases occurring in human bones and teeth [1-7].

The high degree of osseoinduction means that hydroxyapatite can directly connect to
the bone. Hydroxyapatite is poorly soluble and slowly reabsorbed in tissues [1]. Years of
clinical studies (supported by histological studies) have confirmed the high biotolerance and
beneficial effect of hydroxyapatite in the process of healing and rebuilding of bone and its
ability to initiate and stimulate the formation processes of living organism bones [2].

The range of hydroxyapatite applications is quite broad and covers dentistry, craniofacial
surgery, orthopaedics, otolaryngology and plastic surgery [3].

Due to its origin, mineral hydroxyapatite (in igneous rocks, limestone metamorphic
or sedimentary rock phosphate), natural hydroxyapatite (mainly in the bones and teeth
of vertebrates) [5—9] or synthetic hydroxyapatite [4] can be distinguished. Synthetic
hydroxyapatite is the most commonly used on the large scale. This material is quite expensive
and does not show total compatibility between the chemical composition to the bone and
teeth of the human body [5]. In addition, we should be aware of the fact that its chemical
composition and properties highly depend on the conditions of production. Therefore,
attempts have been made to obtain a powder of hydroxyapatite from natural sources. From
an economic point of view the use of natural hydroxyapatite is preferable. It can be obtained
from natural materials, which are simultaneously waste in animal husbandry such as animal
bones (beasts, goats, pigs, sheep), eggshells, as well as from coral skeletons or human teeth
[4-8]. Most of the processes for preparing hydroxyapatite are relatively simple, cheap and
also ensure repeatability of results. The natural hydroxyapatite (obtained from animal bones)
takes over some of the properties of the raw material from which has been produced, such
as its chemical composition or structure [7, 9]. It has greater compatibility with the hard
tissues of the human body compared to synthetic hydroxyapatite. On the other hand, the use
of natural hydroxyapatite causes certain concerns. Mainly because an incorrect extraction
process creates the possibility of transferring dangerous diseases such as Creutzfeldt Jakob
disease, BSE, HIV, hepatitis B and C and AIDS [5]. Despite this, in recent times many
attempts have been made to obtain natural hydroxyapatite.

Despite very good biocompatibility and bioactivity, hydroxyapatite bioceramics have
low mechanical properties, particularly a low fracture toughness (K. = 1.1-1.2 MNm™'?
compared to the amount of bone K. = 2-12 MNm™'~), so that its use is essentially limited to
perform implants which do not transfer too high a stress [10, 11].

The ease of bonding hydroxyapatite bioceramics to other materials enables new composite
materials to be created [1] and it may be a solution to the problem described above. It is
no wonder that new materials are continually sought. Trends observed in recent years in
the development of biomaterials indicate precisely the increasing importance of composite
materials in implantology. The introduction of hydroxyapatite phase directly to the metal
phase, associated with the combination of very good biocompatibility and corrosion resistance
of hydroxyapatite with a very good strength and susceptibility to deformation of metals is
a very good solution. The metal-ceramic composites constitute promising biomaterials for
use in medicine for long-term implants (e.g., articular prosthesis, dental implants) [11-13].
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Such composite biomaterials can be successfully obtained by powder metallurgy technology
as finished products. Plasma sputtering, CVD and other methods to create a layer of
hydroxyapatite can be applied on the surface of a metallic biomaterial implant [1, 10, 12].

Several metal-hydroxyapatite composites have been studied. Particular attention has
been paid to composites involving titanium [14—16] and austenitic stainless steel [17-21].
Based on an analysis of the results obtained, it can be concluded that the addition of 316L
stainless steel to hydroxyapatite has resulted in an improvement in toughness and strength
in comparison to pure hydroxyapatite bioceramics. However, the addition of hydroxyapatite
to stainless steel has contributed to increasing the biocompatibility, corrosion resistance and
also the hardness and wear resistance of stainless steel [17].

Different compositions of the biocomposite stainless steel 316L-hydroxyapatite have
been studied thus far [18]. The hydroxyapatite was introduced in amounts of 0 to almost 50%
of mass. It can be stated that the composites with higher hydroxyapatite additive (20 and 50%
of mass) had higher porosity and thus lower mechanical strength. Due to these properties,
the use of these biocomposities has been precluded as a structural element in the human
body [18-19]. Also corrosion resistance (in Ringer’s solution) of 316L-hydroxyapatite
biocomposites decreased with increasing content of hydroxyapatite [19]. From the viewpoint
of mechanical properties the amount of hydroxyapatite has to be smaller than 20% of weight.

The powders of 316L stainless steel and hydroxyapatite were used to obtain biocomposites
containing 5, 10 and 15%-mass of hydroxyapatite [20]. The reduction of properties for
316L-hydroxyapatite biocomposites prepared by powder metallurgy was also observed.
Namely, when the amount of hydroxyapatite in the powder mixture increased up to 15% mass,
the sintered density and also hardness of 316L-hydroxyapatite biocomposites decreased,
while the open and total porosity increased. The sintered 316L-hydroxyapatite (5% mass)
biocomposite obtained the best combination of physical and mechanical properties.

The 316L steel-hydroxyapatite biocomposites were obtained by powder metallurgy
technology in the following stages: mixing the powders of AISI 316L steel and natural origin
hydroxyapatite, pressing and sintering. The aim of this study was to clarify the effect of the
addition of hydroxyapatite on the sintering process of 316L austenitic stainless steel.

2. Materials for research

Austenitic stainless steel and hydroxyapatite powders were used as the starting materials.
The powder of AISI 316L is the commercially available powder manufactured by Hoganés.
This grade is water atomized powder with particle size < 150 pm. The chemical composition
(in mass %) of AISI 316L is following: 17-18 % Cr, 12—13.5% Ni, 2-2.5% Mo, 0.8% Si, 0.1%
Mn, 0.03% C and Fe — up to 100%. The natural origin hydroxyapatite powder was obtained
by extracting the cortical part of the long bone of the pig. The procedure for preparing the
natural hydroxyapatite involves the following steps: cooking bone in distilled water, the
mechanical removal of tissues and parts of the spongy bone residue, leaching of organic
matter by 4 molar sodium hydroxide solution, rinsing in distilled water until a constant pH,
drying at 120°C to constant weight, and milling [7—8]. The results of a quantitative chemical
analysis show that hydroxyapatite powder contained (in % mass): 17.45% P and 39.51% Ca.
The value of the Ca/P ratio in the hydroxyapatite was 1.75.
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The powders of 316L stainless steel and natural hydroxyapatite were used to prepare the
mixtures with the following compositions:
e 316L — 1% mass hydroxyapatite,
e 316L — 3% mass hydroxyapatite,
* 316L — 5% mass hydroxyapatite.
In order to compare the results, pure 316L steel powder was also used for the studies.

3. Experimental procedures

The 316L and hydroxyapatite powders (in appropriate mass proportions) were subjected
to mixing for 60 minutes in Turbula. The mixtures thus prepared and also powder of 316L
were uniaxially pressed in a rigid matrix at a pressure of 600 MPa. Thus cuboidal samples
were obtained with dimensions of 4 x 4 x 15 mm for dilatometric studies. Furthermore
cylindrical green compacts of size 20 x 5 mm were prepared in the same way. They were
designed for density, porosity measurements and microstructural studies.

The sintering process took place in a horizontal NETZSCH 402E dilatometer at two
temperatures 1180°C and 1240°C. The 402E DIL was used to evaluate the dimensional
changes and phenomena occurring during sintering. During the sintering dry (dew point
below —60°C) and high purity (99.9992%) hydrogen flowed by measurement system at
a rate of 100 ml/min. The sintering time was 60 minutes. The samples were slowly heated
to the isothermal sintering temperature at a rate of 10°C/min. The same rate was applied
during cooling samples from sintering temperature to ambient temperature. The sintering
process of the cylindrical compacts was carried out in a Nabertherm furnace under the
same conditions.

The density and porosity of cylindrical samples were measured by the water-displacement
method (according to the requirements of PN-EN ISO 2738:2001 norm).

The hardness (HRB) was determined. A metallographic study of the sintered specimens
was done with Nikon Eclipse ME 600P Light Optical Microscopy and Scanning Electron
Microscopy (SEM). Microhardness HV0.01(10s) was measured by means of FM 700 E
Microhardness Tester.

Dilatometric investigations were carried out in the horizontal NETZSCH 402E dilatometer.

4. Result and discussion

Figure 1 shows the results of sintered density and also relative density measurements
of 316L stainless steel and 3161 — Hap biocomposites depending on the applied sintering
temperature and the amount of hydroxyapatite addition introduced into the powder mixture.
The results of open and closed porosity measurements of the same sintered materials are
presented in Fig. 2.

The analysis of the above presented results indicates that both sintering temperature and
the chemical composition of the powders mixture had an impact on the density and porosity
of sintered 316L — Hap biocomposites.
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Fig. 1. The influence of sintering temperature and hydroxyapatite addition on density of sintered 316L
steel and 316L — Hap biocomposites
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Fig. 2. The influence of sintering temperature and hydroxyapatite addition on porosity of sintered
316L steel and 316L — Hap biocomposites

Regarding the effect of sintering temperature on the physical properties, it can be observed
(Fig. 1) that the higher temperature of the sintering process led to much larger values of
both sintered density and relative density for all the investigated biocomposites. The same
growing trend in density occurred for sintered stainless steel. But the density variation of
316L is not as significant as in the case of the biocomposites studied. Furthermore, it can be
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concluded that the increase in the sintering temperature from 1180°C to 1240°C resulted in
a decrease in the total, open and closed porosity of sintered 316L — Hap biocomposites and
also 316L steel.

As we have already mentioned, the physical properties are significantly affected by the
introduction of the hydroxyapatite additive to the material composition. Namely, initially
the sintered density and relative density of the biocomposites investigated increases as
the amount of hydroxyapatite additive increases up to 1%-mass (in the case of sintering at
1180°C) and 3%-mass (in the case of sintering at 1240°C). Then the densities tend to decline.
However, the 316L—5% mass Hap biocomposite shows sintered density below the value
obtained for steel 316L.

It should be noted that the effect of the hydroxyapatite addition on the open porosity is
just the opposite than in the case of density.

Not only are properties such as density dependent on the sintering temperature and
amount of addition of hydroxyapatite. They also decide about hardness as showed results
presented in Fig. 3.
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Fig. 3. The influence of sintering temperature and hydroxyapatite addition on relative density and
hardness of sintered 316L steel and 316L — Hap biocomposites

For each of the sintering temperatures used the similarity of the relationship between
the hydroxyapatite amount and the relative density and hardness of materials obtained can
be noted. This means that the initial increase in the content of hydroxyapatite led to an
increase in both the density and hardness. The maximum increase in the abovementioned
properties occurred in the biocomposite containing hydroxyapatite in amount of 1%-mass
sintered at 1180°C. Nevertheless, the combination of the highest values of relative density
(93.5%) and hardness (75 HRB) were obtained in the case of 316L-3%-mass hydroxyapatite
biocomposite sintered at 1240°C. Further increases in the hydroxyapatite content up to 5%
mass meant that the properties were relegated to values comparable to these for sintered
316L steel.

Examples of the microstructures of the materials investigated are presented in Fig. 4-11.
The sintered 316L steel (Fig. 4) has an austenitic microstructure. The microhardness of
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austenite is about 220 HV 0.01 and 270 HV 0.01 for the steels obtained after sintering at
1180°C and 1240°C respectively.

The introduction of hydroxyapatite addition to 316L steel caused a distinct change
in the microstructure of the materials. This is visible in the presented Figures 5-9. The
microstructure of the sintered 316L-1%-mass hydroxyapatite material (regardless of
sintering temperature) was clearly dual phase. Namely, hydroxyapatite appeared next to
the austenite phase. It is also seen in pores disposed at the grain boundaries (Fig. 5, 6).
When hydroxyapatite was introduced into the powders mixture in larger quantities (3 and
5%-mass), the microstructure of the sintered biocomposites was dependent on the applied
sintering temperature. Namely, there was a heterogeneous eutectic at the grain boundaries of
the austenitic matrix (Fig. 7, 9) in the microstructure of sintered at 1240°C biocomposites.
Of course, hydroxyapatite was also present. The same microstructure was in 316L-5%-mass
hydroxyapatite composites sintered at 1180°C (Fig. 8). Whereas sintered at same temperature
316L-3%-mass hydroxyapatite composite had a dual phase microstructure, as did the sintered
316L-1%-mass Hap biomaterial.

Fig. 4. Microstructure of sintered 316L steel Fig. 5. Microstructure of 316L — 1 mass % Hap
(sintering temperature — 1240°C) (sintering temperature — 1240°C)
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Fig. 6. Microstructure of 316L — 1 mass % Hap Fig. 7. Microstructure of 316L —3 mass % Hap
(sintering temperature — 1240°C) (sintering temperature — 1240°C)



Fig. 8. Microstructure of 316L — 5 mass % Hap Fig. 9. Microstructure of 316L — 5 mass % Hap
(sintering temperature — 1180°C) (sintering temperature — 1240°C)

The microhardness of austenite in sintered 316L-hydroxyapatite biocomposites was
higher than in the sintered 316L stainless steel. And in addition there was an increasing trend
of microhardness with the increase of hydroxyapatite addition. For example after sintering at
1240°C, the microhardness of austenite increased from about 220 HV 0.01 up to about 370
HV 0.01. It was expected that the higher hydroxyapatite content in the materials, the higher
the share of cutectic, as well as hydroxyapatite phase.

The SEM microstructure of sintered 316L-5%-mass hydroxyapatite biocomposites
(obtained after sintering at 1240°C) and the results of the EDAX analysis are presented in
Fig. 10. These results of chemical composition microanalysis (performed at point 1 and 2)
are shown in the table below the photograph. Point number 2 was designated in the middle
of the austenite grain, while point number 1 was on the grain boundary, where the presence
of eutectic was previously observed. Microanalysis of the chemical composition indicated
that the main elements at point number 2 were Fe, Cr, Ni. Also traces of P appeared. It
should be noted that there was no phosphorus in the chemical composition of the 316L steel.
This means that the phosphorus diffused from hydroxyapatite into the austenitic matrix
(during the sintering process). The main elements in point number 1 are also Fe, Cr, Ni and
P. The eutectic occurred on the austenite grain boundaries. It is associated with the Fe — P
equilibrium phase diagram.

Figure 11 presents the SEM microstructure of 316L-3%-mass hydroxyapatite biocomposites
sintered at 1240°C. The results of the EDAX are shown in the table below photograph.
A microanalysis of chemical composition was performed at point number 1. This point was
designated in the middle of hydroxyapatite phase that occurred on the grain boundary. There
are such elements as O, Ca and also Cr. However, there is no phosphorus. So it is not exactly
hydroxyapatite, as presented above. Therefore it is a new phase. The occurrence of the CaO
phase is due to the decomposition of hydroxyapatite during the sintering process. It should
be emphasized that this is not free CaO. There was a chromium diffusion from the austenitic
matrix to the CaO phase.

It is known that the thermal decomposition of hydroxyapatite depends on the chemical
formula of the compound, the presence of small additions of other substances, and the
partial pressure of water vapour [22-25]. The stoichiometric hydroxyapatite exhibits




87

thermal stability up to 1350°C [22—24]. Then (according to the equilibrium phase diagram
for CaO-P,0,) the hydroxyapatite decomposes into TTCP (tetracalcium phosphate, Ca,P,0,)
and a-TCP (a-tricalcium phosphate, Ca,(PO,),) at 1350°C. This involves no change in weight.
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Point 1
P Ka 251.14 5.786 23.161 wt.%
Cr Ka 295.62 6.278 32.356 wt.%
Fe Ka 243.48 5.698 37.789 wt.%
Ni Ka 22.47 1.731 6.694 wt.%
Point 2
P Ka 14.08 1.370 1.523 wt.%
Cr Ka 168.71 4.743 17.902 wt.%
Fe Ka 453.80 7.778 69.321 wt.%
Ni Ka 49.81 2.577 11.254 wt.%

Fig. 10. The SEM microstructure and microanalysis of chemical composition of sintered
316L — 5 mass % hydroxyapatite (sintering temperature — 1240°C)

However, there is an essential difference between synthetic hydroxyapatite and natural
hydroxyapatite (extracted from bovine, pig and human bones). Because the Ca/P ratio is
higher than 1.67, natural hydroxyapatite is non-stoichiometric. Moreover, it contains
carbonate groups and usually some Mg built into its structure [22, 25]. Some investigators
reported that the decomposition of non-stoichiometric hydroxyapatite occurs at temperatures
below 10000C. It was found that the products of this decomposition are different depending
on the Ca/P molar ratio of the hydroxyapatite [23].

It was demonstrated [8, 9] that the Ca/P ratio for the hydroxyapatite ceramics sintered
at 1200°C was lower than that of material sintered at 800°C. According to the authors
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this was due to the occurrence of a CaO phase originating from the decomposition of
Hap. It was noticed that the natural hydroxyapatite started to decompose at temperatures
above 700°C, while CaO occurrence began at a temperature of approximately 800°C.
The content of free CaO quickly increased (up to about 1%) with increasing temperature
(to 1000°C). These results are also confirmed in other work. According to Knepper [10],
hydroxyapatite is not thermally stable during sintering. Namely, both the hydroxyapatite
dehydration and irreversible phase transformations take place in composite materials
containing hydroxyapatite.

>

= — £e S 3 =)
Point 1

(0] Ka 47.84 2.525 | 62.563 wt.%

Ca Ka 313,21 6.462 | 29.392 | wt%

Cr Ka 54.30 2.691 8.045 wt.%

Fig. 11. The SEM microstructure and microanalysis of chemical composition of sintered
316L — 3 mass % hydroxyapatite (sintering temperature — 1180°C)

In the system CaO-P,0-H,0 there are many calcium phosphates, which are often the
metastable phases. They may occur in the material after a suitable heat treatment. According
to the abovementioned phase diagram and the study of the thermal decomposition reaction
of hydroxyapatite, some authors have reported that not only calcium phosphate (such as
Ca,P,0,), but also CaO and P,0O, may appear during HAP decomposition [24].

Figure 12 presents the concentration distribution of elements (which occurred in the
tested material) along the line marked in Fig. 11. This line passed through the austenite
grains and modified CaO phase (originating from the decomposition of Hap) located on the
boundary. The measurement of concentration of elements does not enable the quantitative
chemical composition of the material to be determined, but it is a very convenient method for
the observation of even small changes in the concentrations of the elements.
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Fig. 12. Concentration distribution of Fe, Ni, Cr, O, Ca and P along a line marked at Fig. 11

It is visible that the concentration distribution of the elements was not the same along
the whole length of the measurement line. Namely, the concentration of elements like O
and Ca exhibits a marked increase in the area of hydroxyapatite phase occurrence. There is
a significant decrease in the concentration of iron, nickel, chromium as well as phosphorus in
the phase analysed. This correlates well with the above presented results.

The dilatometric curves of steel 316L and 3 16L-hydroxyapatite biocomposites recorded
during sintering at a temperature of 1240°C are shown in Fig. 13. Analysis of these curves
permits the conclusion that hydroxyapatite (depending on the amount introduced into the
powder mixture) influences the sintering process of austenitic stainless steel in different
ways. Based on the curves presented, the presence of certain points common to all curves and
dimensional changes accompanying sintering as a result of occurrence the thermal expansion
and sintering shrinkage can be observed.

Initially, as the temperature increases, the thermal expansion of the materials rises, resulting
in an increase in sample dimensions. Fig. 13 shows that the presence of hydroxyapatite
practically does not contribute to the change in the dimensions of samples in the range of
heating from ambient temperature to about 700°C, compared with pure 316L steel. Also the
thermal expansion coefficient of 316L-hydroxyapatite biocomposites in this temperature range
has a value of about 1.83-107°[1/°C] regardless of the chemical composition of the powder
mixture. The presence of hydroxyapatite modified dimensional changes from a temperature
of approximately 800°C, from which composites show less swelling than pure steel. The
hydroxyapatite reduces the thermal expansion of the materials. After exceeding a temperature
of about 850°C thermal expansion starts to decrease, mechanisms of material transport become
active. They cause the occurrence of shrinkage. With time, shrinkage starts to dominate over the
expansion of the material and we observe the pronounced peak on the curve. The temperature of
this peak is about 1000°C for 316L steel. In the case of 316L-hydroxyapatite is within the range
of 905-990°C. The shrinkage of samples starts during heating to the sintering temperature.
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Fig. 13. Dilatometric curves of 316L steel and 316L-hydroxyapatite biocomposites sintered
at 1240°C

Because the shrinkage (observed during cooling) is practically the same for all the studied
composites (about 2.6 %), the phenomena and processes taking place during isothermal
sintering are crucial for the final dimensional changes.

After the whole sintering cycle the highest value of shrinkage was recorded for the
sintered 316L-5% mass hydroxyapatite. It equalled 3.16%. This value is significantly larger
than the shrinkage observed for other materials. Such a large value of the total shrinkage is
associated with a shrinkage occurring during isothermal sintering (Fig. 13), which is caused
by the occurrence of a liquid phase. The microstructural studies confirmed the presence of
phosphorus in austenite. Hence it can be assumed that there was a reduction of phosphorus
oxide with hydrogen during the heating. The analysis of Fe-P equilibrium phase diagram
indicates the formation at 1050°C of the eutectic between iron and iron phosphide (Fe,P),
when the content of phosphorus in the ferrite exceeds 2.8 mass %.

5. Conclusion

The 316L-hydroxyapatite biocomposites were obtained using the powder metallurgy
technology. The commercially available powder of 316L steel and natural hydroxyapatite
(extracted from pig bone) were used. The production process for the samples involved the
following steps: mixing powders, pressing and then sintering.

Based on the research results it can be concluded that the properties and microstructure of
the sintered biocomposite materials can be changed by selecting of suitable compositions of
powder mixture as well as the sintering process parameters.
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When the sintering process was carried out at a temperature of 1240°C, the materials
under investigation had a higher sintered density, relative density as well as hardness, while
the open and closed porosity was lower (compared to the values of these properties obtained
after sintering at temperature of 1180°C). Regarding the effect of hydroxyapatite addition
on properties, it can be concluded that the combination with the highest values of relative
density and hardness and the smaller values of porosity was obtained in the case of 316L-3%-
mass hydroxyapatite biocomposite sintered at 1240°C.

Hydroxyapatite addition to austenitic stainless steel modified the sintering behaviour.
Namely, the decomposition of hydroxyapatite took place during heating to sintering
temperature. This led to the formation of a CaO phase. However, phosphorus diffused into
the austenitic matrix and was involved in the eutectic transformation. This was confirmed
by the results of the EDAX analysis. It can be observed an austenite matrix, but also
heterogeneous eutectic and new phase (formed after the diffusion of chromium to the
Ca0) on the grain boundaries in the microstructure of 316L-hydroxyapatite biocomposites
sintered at 1240°C.
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