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Abstract

A vital problem faced in the implant logical practice is the heat generated due to friction unavoidable during surgical
interventions. The proliferation of heat through the implant results in an increase of temperature above the immunological
ability of the human tissues. In present study the mechanical, structural, and thermo-physical properties of titanium CP
Ti grade 2 and 316L stainless steel processed by hydrostatic extrusion (HE) are analyzed and discussed. Effect of
severe plastic deformation on the thermo-physical properties is presented. In both the materials the structures obtained
were of nanometric scale with an average grain size of 80 nm in 316L steel and 95 nm in CP Ti grade 2. After HE, the
strength and yield stress increased, with respect to those of the as-received material, respectively by 160% and 300%
in steel, and 86% and 120% in titanium. The thermal diffusivity decreased by 8.5% in steel and by 7.5% in titanium,
and the specific heat by 8.55% in steel and 4.5% in titanium, resulting in 12-13% decrease of thermal conductivity. All
changes were attributed to nanostructure generated during severe plastic deformation by hydrostatic extrusion. The
reduced thermo-physical properties widen the possibilities for bioengineering applications of both materials.

Keywords: Hydrostatic extrusion; Severe plastic deformation; Grain
refinement; Thermophysical properties; Mechanical properties

Introduction

The increase of temperature in the surroundings of an implant is an
essential problem in implantological practice, since it bears the risk of
injury to the tissues adjacent to the implant. According to the numerous
data available in the literature, the increase of this temperature above
the physiological immunity of the tissue may result in its irreversible
destruction [1,2]. One of the earliest investigations showed that after
an excessive thermal exposure the critical temperature above which
the bone tissue was irreversibly damaged was 56°C [3]. More precise
investigations [4-7] which took into account both the temperature and
the time of the thermal exposure indicated that the tissue surrounding
the implant may be damaged already at much lower temperatures
ranging between 40 and 47°C. The damage may include the blood
vessels, denaturation of collagen, and osteocyte necrosis. The increase
of the temperature is most often due to the friction which occurs
during the preparatory manipulations preceding the implantation
such as preparation of hard tissue, drilling the necessary channel in
the bone, and corrective grinding of the implant [8,9]. The implants,
produced commercially in series at the present, usually have unified
dimensions and, thus, after their insertion, they require adequate
corrections, especially dental implants whose part above the bone
must often be mechanically corrected. The machining generates heat
in the implant surroundings and may injure the neighboring tissues
and hamper the osseointegration, resulting in an idiopathic extraction
of the implant. The environment of the oral cavity can also have an
adverse effect on the implant-bone integration. Investigations of the
influence of the temperature of the consumed food, both liquid and
solid, on the heat transfer in the implantation zone have shown that
the implant temperature may exceed the physiological immunity of the
tissue surrounding the implant [10-12]. For example, after drinking
300 ml of tea with a temperature of 48°C the temperature of the implant
in the osseointegration can increase to 75°C [10].

Materials intended for use in implantology must satisfy the
specified requirements such as high impact strength, high mechanical
strength, good bio-functionality, and all those without any loss of

their biocompatibility with the human organism. This is why the
biomaterials are increasingly produced using untypical methods such
as severe plastic deformation (SPD). One of these methods, which
gives a homogeneous structure both in the transverse and longitudinal
cross-section of the processed material, is hydrostatic extrusion (HE)
whose effectiveness has been confirmed in numerous literature reports
[13-15]. The three-axial compressive stresses active during hydrostatic
extrusion in the deformation zone and the advantageous lubrication
conditions due to the hydrostatic pressure permit realizing effectively
deformation of the material using high reduction per pass with the
preservation of the structural and mechanical homogeneity in the
entire volume of the processed material. Investigations conducted at
the Institute of High Pressure Physics, Polish Academy of Sciences,
Unipress (IHPP PAS) since 45 years have confirmed that HE is
exceptionally effective in generating severe plastic deformation in
various materials, including those which cannot be deformed by
classical techniques such as rolling, drawing, or conventional extrusion.
This permits the HE-treated nanomaterials to acquire better strength
[16-19], fatigue properties [20], impact strength [21], tribological
properties [22,23], and corrosion resistance [24]. They also show good
biocompatibility [23,24] and higher thermal stability [21,25].

Investigations concerned with the thermo-physical properties
of SPD-treated materials are very rare and limited to the classical
SPD techniques such as ECAP [26], HPT [27], and ARB [28] which
yield materials with a high degree of structural heterogeneity. The
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scarce reports available in the literature unequivocally show that the
refinement of the microstructure results in the restriction of heat
transfer. For example, in an AA1060 aluminum alloy processed by
ECAP with the cumulated true strain & = 9.2 [29], the refinement of
the microstructure reduced the heat transfer as a result of the decrease
of the thermo-physical parameters of the material compared to those
of the starting material, namely the thermal diffusivity a by 4.2%,
specific heat ¢, by 1.5%, and thermal conductivity A by 6.2%. Similar
results were obtained for pure copper in which, after refinement of
its microstructure, the thermal conductivity A decreased by 7.5%
compared to that measured before the deformation [30].

In the present study the authors used the HE method for
producing ultrafinegrained (UFG) and or nanocrystalline (NC) CP
titanium grade 2 and 316L austenitic steel i.e. two materials with
implantological potential. The materials obtained were subjected to
structural, mechanical, and thermo-physical examinations. The results
were analyzed and the effect of the applied severe plastic deformation
and the resulting refinement on the heat transfer in the material was
estimated.

Materials and Experimental Methods

The materials examined were CP Ti grade 2 according to the
American Standard (2005) with the chemical composition (in wt%):
0.12 Fe, 0.02 C, 0.02 N, 0.005 H, 0.12 O, balance Ti, and 316L austenitic
steel according to the standard 1.4404 (ASTM A 182) with the chemical
composition (in wt%) 0.014 C, 0.72 Si, 1.55 Mn, 16.87 Cr, 2.02 Mo,
0.53 Cu, 10 Ni, 0.11 Co, 0.03 P, 0.03 S, 0.059 N, balance Fe. The basic
strength properties of these materials in the starting state are given in
Table 1. The initial equivalent grain diameter d, was 29 um in CP Ti
grade 2 and 35 pm in 316L steel where the equivalent grain diameter
d, is defined as the diameter of the circle whose surface area is equal to
that of the given grain.

In view of the difference in the susceptibility to plastic deformation
between the two materials, the HE process parameters were optimized
individually for each of them. The process parameters included:
reduction per pass rpp%, the strain rate £, the die angle 2« and the
lubrication method. The HE process was conducted in a specialized
presses, designed and constructed at the IHPP PAS Unipress, with the
working pressures up to 1400 MPa. The presses were equipped with
a system of cooling the extruded product using cold tap water so as
to minimize the effect of adiabatic heating [31]. In order to increase
the total strain, the extrusion was conducted in three passes (in a
cumulative way), using a smaller reduction per pass in each of them,
thanks to which the adiabatic heating effects hampering the recovery
and recrystallization processes were weakened. CP titanium grade 2
was first extruded from an initial diameter of 50 mm to a final diameter
of 12.5 mm with the total cumulated true strain ¢ = 2.75, and 316L
steel - from an initial diameter of 30 mm to a final diameter of 12.5 mm
with the cumulated true strain ¢ = 1.73. The die angle was 2a = 45°.

m

The initial microstructures were observed in a Nikon Eclipse
LV150 light microscope (LM) and those after the HE - in a JEOL
1200 EX transmission electron microscope (TEM). In both cases the

Ultimate Yield Elongation Hardness
tensile strength strength to fracture HV0.2
UTS (MPa) YS (MPa) £ (%) )
CP Ti grade 2 543 399 21 185
316L steel 593 311 58 223

Table 1: Mechanical properties of CP titanium grade 2 and 316L steel in the initial
state.

observations were made on a transverse cross-section of the sample.
The grain size was quantitatively evaluated using the ‘Micrometer’
software [32] based on the TEM image obtained individually for each
sample. After the imaging, at least 200 grains selected randomly from
the population, were outlined and the software calculated the equivalent
grain diameter d,. The mechanical properties were examined using a
Zwick Roell Z250 static tensile strength machine with the maximum
load of 250 kN. The examinations included the ultimate tensile strength
UTS, the yield strength YS, and the elongation to fracture ¢. The test
samples taken from the axis of the rods were 6 mm in diameter, with
the standardized 5:1 proportion and were tested at a tensile strain rate
0f 0.008 s

The thermal diffusivity was measured by the laser pulse method
LFA (Laser Flesh Apparatus) using Netzsch 447 nano flash and 457
micro flash devices. The test samples had cylindrical shapes and were
10 mm in diameter and 2 mm high. The LFA analysis was conducted
within the temperature range from 50°C to 1000°C with a heating
rate of 3°C min™. In order to increase the emissivity of the samples,
they were coated with graphite. The specific heat ¢, was measured by
the differential scanning calorimetry (DSC) using a Netzsch 404 F1
Pegasus calorimeter. The test samples were cylindrical in shape, with a
diameter of 5 mm and mass of 50 mg. The DSC analysis was conducted
in a neutral argon atmosphere within the temperature range from 50°C
to 1000°C at a heating rate of 10°C min. In both the LFA and DSC
examinations, the samples were taken from the axis of the rods.

The specific heat ¢ at a given temperature was calculated according
to the Standard of the Netzsch company based on the DSC signal [33]:

DSC DSC

m . , T
_ standard _ sample base line . R
Cl’ - DSC DSC Cpstandard (]g K ) (1)
m.vump/e standard ~ base line

where €, yunaara is the specific heat of the reference sample
(sapphire) in (J g'K"), 7,4, is the reference sample mass
(sapphire) in (mg), Mt is the mass of the examined sample (mg),
DSC.,,,,. is the signal of the heat flux obtained in the examined sample
at a given temperature (uV), and DSC,,,. . is the signal of the heat flux
obtained when the crucible is empty (1V), and DSC,,,,. is the signal of

the references sample.

The thermal conductivity was calculated using the commonly
known relationship [34]:

A=p-a-c, (Wm'K") (2)

Where p is the density (gcm?), a is the thermal diffusivity (mm?
s™),and ¢, is the specific heat (J g' K"') according to equation (1).

All the measurements of the thermo-physical parameters were
made in the samples in the starting state and after each cumulative HE
pass.

Results and Discussion
Hydrostatic extrusion
The parameters of the HE process are given in Table 2.

Figure la and b shows the pressure characteristics (variation of
pressure vs time) obtained during the extrusion of each of the materials.

As can be seen in Figure la, in the extrusion of titanium the
pressure was stable (the flat fragments of the characteristic) during each
cumulative HE pass, and was 880 MPa, 695 MPa, and 840 MPa during
the 1, 2, and 3™ pass respectively. In the 3™ pass, the characteristic

J Nanomed Nanotechnol, an open access journal
ISSN: 2157-7439

Volume 9 « Issue 4 + 1000511



Citation: Skiba J, Kulczyk M, Pachla W, Wisniewski TS, Smalc-Koziorowska J, et al. (2018) Effect of Severe Plastic Deformation Realized by
Hydrostatic Extrusion on Heat Transfer in CP Ti Grade 2 and 316L Austenitic Stainless Steel. J Nanomed Nanotechnol 9: 511. doi:

10.4172/2157-7439.1000511

Page 3 of 7

shows a violent rise of breakthrough pressure (peak on the pressure
characteristic) at which the material begins to flow out from the die.
The pressure peak exceeds the extrusion pressure p,. by more than
160 MPa. This is so because of the strong strengthening of the material
during the two preceding HE passes and, hence, the necessity that
the material must overcome not only static friction but also the yield
strength of the material i.e. occurs above YS = 830 MPa (Figure 2).

The pressure characteristics obtained in extrusion of 316 L steel
are also stable (Figure 1b). Because of the much stronger deformation
strengthening of this material compared to that occurring in titanium,
all the pressure characteristics show high breakthrough pressure - which
is associated with the plasticizing of the material (overcoming the yield
strength) and the beginning of its extrusion. The highest breakthrough
pressure appears during the 2™ pass of the process conducted with a
high unit true strain ¢ = 0.57 at which YS exceeded 1000 MPa (Figure
2). Because of the stronger deformation strengthening of 316 L steel,
the successive passes of the cumulative HE were started from smaller
diameter (30 mm) than in case of titanium (50 mm). In effect the total
plastic deformation for 316L was smaller by almost 40% than that
achieved in titanium.

Many literature reports concerning HE describe the effect of strong
adiabatic heating which occurs during the process [13,15,35]. This
is associated with the transformation of the mechanical work done
during the plastic deformation by HE into heat. As shown among
others in reference [36], the amount of heat is directly proportional
to the extrusion pressure, inversely proportional to the density
and specific heat of the material, and depends on the percent of the
mechanical work transformed into heat which in HE is high and can
amount to 95%. The value of T/T due to adiabatic heating calculated
in the present experiments was ~0.3 in both materials, where T is the
temperature measured during the HEand T is the melting temperature
of the material (both given in Kelvin degrees) Table 2. That the values

obtained in the two materials are the same is associated with the very
similar values of their specific heat (0.55 ] g' K in titanium and 0.52
J ¢! K in steel), and with the higher extrusion pressure applied to
steel (higher by 100 MPa on average) than that in titanium, which
compensates for the lower T, and the almost two times higher density
of 316L steel. The comparable values of the adiabatic heat obtained
in both materials could indicate that its effect on the initiation of the
recovery and recrystallization processes should also be similar. This
would be so if only the twentyfold difference in the stacking fault energy
(SFE) between them was not so high: steel 316L is classified among the
materials with the lowest SFE (~14 m] m?) whereas CP Ti grade 2 has
a high SFE (310 mJ m?) [37]. Hence the recovery (polygonization) in
steel occurs easier whereas the edge dislocation climbing and transverse
slide are more difficult which results in the stored deformation energy
being here greater and, in consequence, the higher extrusion pressure
at much lower deformations than those in CP Ti grade 2.

Microstructure

In the SPD processes, the factors which are directly responsible
for the changes of the mechanical and thermo-physical properties of
the treated materials is the evolution of their microstructure i.e. its
significant refinement, and the generation of numerous structural
defects. In many applications of CP Ti grade 2 and 316L steel, especially
in bio-engineering, it is of great importance that the properties of the
material should be homogeneous. Both the metals obtained in the
present experiments after achieving the critical plastic deformation
had homogeneous nanometric structures with well-shaped grains and
a low density of internal defects (Figures 3 and 4).

Figure 3a-c shows the microstructure of CP Ti grade 2 after the
successive HE cumulative hydrostatic extrusion. After the first stage
(Figure 3a) we can see the primary grains with visible defects inside
them formed due to the deformation. If the deformation degree is too

HE Billet Product True Cumulative Extrusion
Notation ass diameter diameter strain true strain adiabatic T, pressure
P d, (mm) d, (mm) £=InR s, Py (MPa)
Tigr2_1 1 50 27.9 1.16 1.16 355 0.32 880
Tigr2 2 2 27.9 17.9 0.88 2.05 280 0.29 695
Tigr2_3 3 17.9 12.5 0.71 2.76 340 0.32 840
316L_1 1 30 19.9 0.82 0.82 245 0.31 900
316L_2 2 19.9 15 0.57 1.39 280 0.33 1025
316L_3 3 15 12.6 0.34 1.73 235 0.29 785
T, — melting point
Table 2: Basic process parameters adopted in the hydrostatic extrusion of CP Ti grade 2 and 316L steel.
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Figure 1: The pressure characteristics (variation of pressure vs. time) obtained during the extrusion of each of the materials.
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low, the refinement of the microstructure is only slight. After the next
extrusion stage (Figure 3b), the is already strongly refined (the average
grain size is about 100 nm) with a high defect density and regions of
sub-grains with small misorientation angles, After the third stage of
the extrusion (Figure 3c) in which the deformation increasestoe, =
2.75, well-shaped nanograins (the average grain size ~95 nm) appear
on the entire cross-section of the sample. The dominant mechanism of
the structural refinement is the dynamic recovery which in effect leads
to well-marked polygonization and low stored energy.

Figure 4 shows the microstructure of 316L steel after the successive
extrusion passes. As can be seen its microstructure differs markedly
from that of CP Ti grade 2. After the first extrusion pass (Figure 4a), the

1600 60
14 O- CP Tigrade 2 o UTS
1400 -| —o—316L /o/ ]
- 50
1 oYs
1200 o O/ p
1 o] urs 40
E 1000 - . o
s 1 & g
= . o Ys 4 o
% 800 _ B 30 e\i_
E @
0 00
'5 . : - 20
400 - D/
<
B > f
° 00 a H1
200 | o
L S B S S B e EE 0
0,0 0,5 1,0 1,5 2,0 25 3,0

True strain, ¢

Figure 2: Variation of the ultimate tensile strength UTS, yield stress YS and
elongation to fracture ¢, with increasing true strain during cold hydrostatic
extrusion: CP Ti grade 2, 316L stainless steel.

microstructure is strongly defected with well visible shear bands 250 -
300 nm wide. The next extrusion pass gave a strongly refined structure,
the reduction of the width of the shear bands to ~100 nm, and a twin
structure of severely deformed austenitic steel. The further increase of
deformationto e =1.73 (Figure 4b and 4c) resulted in the appearance
of slip bands and well-shaped grains with an average diameter of 80
nm. The character of the grains indicates that dynamic recrystallization
has occurred and the density of defects that high deformation energy
has been stored in material.

Strength properties

Figure 2 shows the variation of the ultimate tensile stress (UTS),
yield stress (YS), and the elongation to fracture (¢) as a function of
true strain ¢ in CP Ti grade 2 and 316 L steel during their hydrostatic
extrusion. In both materials the mechanical strength increases
with increasing cumulated deformation strain but in 316L steel the
deformation strengthening effect is much stronger than in CP titanium
grade 2. The highest strengthening takes place during the 1** extrusion
pass (YS increases by 85% in Ti and 250% in steel) with its final total
increase to 120% in titanium and above 300% in steel. This difference is
associated with the lower stored deformation energy in titanium because
of the easier climbing and transverse slip of the dislocations (i.e. the
recovery processes) in this material (Figure 3b and 3c). In steel, on the
other hand, the recovery processes are impede and, in consequence, the
density and entanglement of the moving dislocations increases thereby
drastically increasing the deformation strengthening degree as early as
during the 1% pass of the extrusion (Figure 4a). As a result of this strong
strengthening, the initiation of thermally-activated structural changes
associated with the movement and annihilation of defects is difficult and
shifted to further extrusion passes (Figures 4b and c). Because of the
higher melting temperature T of titanium compared to that of steel,
the refinement of its structure is easier, and, at the maximum cumulated
true strain, the adiabatic heating effect contributes to an additional
slight increase of the material ductility (ef) (Figure 2).

Figure 4: Microstructure of 316L stainless steel after cumulative hydrostatic extrusion: a) 1 pass € = 0.8, b) 2™ pass ¢, = 1.39, ¢) 3“ pass ¢, = 1.73.
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Thermo-physical properties

Thermal diffusivity a: In both the materials examined the
thermal diffusivity a decreases significantly with increasing plastic
deformation, Figure 5. In titanium, the maximum decrease by ~7.5%
already occurred after the 2™ extrusion pass and was maintained
untill the completion of the 3™ HE pass conducted at the highest
total cumulated true strain €., = 2,75. Contrary to the situation in
titanium, in steel the thermal diffusivity decreases progressively till
the maximum cumulated true strain e, = 1.73. In materials with
an UFG and NC structure, the decrease of the thermal diffusivity is
closely related with the limited motion of energy quanta (phonons)
due to the large number of structural defects (point, linear, and
spatial) which were formed during processing of these materials and
which constituted an effective barrier to heat exchange [38]. The
effect of the microstructure refinement on the increase of thermal
diffusivity after HE has only been investigated in ductile materials
such as copper and aluminum but not in titanium and austenitic
steel. For example, Lee [29] subjected the AA1060 aluminum alloy to
8 passes of ECAP at the cumulated true strain ¢ = 9.2 and obtained the
decrease of its thermal diffusivity by ~ 4% with respect to that of the
starting material. This result was, due, on the one hand, to the high
susceptibility of aluminum to recovery and recrystallization which
annihilate the defects and weaken the deformation strengthening
of the material and, on the other hand, to the lower effectiveness of
the generation of structural defects during ECAP compared to that
possible to achieve in HE.

Specific heat c : Specific heat is at the present often determined
by differential scanning calorimetry (DSC) which permits determining
not only the specific heat but also the temperature peaks due to the
thermally-activated recovery and recrystallization processes [39-41].

As can be seen in Figure 6, in both CP Ti grade 2 and 316 L steel
processed by severe plastic deformation the specific heat c decreases
with respect to that of the starting material and reaches a minimum
after the 2™ HE pass. There is however difference between these two
materials in that in titanjum the specific heat decreases by 9.6% which
is twice as much as in steel where it decreases by 4.7%. This is so since
in titanium, which is a material with lower stored plastic deformation
energy compared with that in steel, easier polygonization, and easier
annihilation of structural defects during the recovery process, the
yield stress YS is lower than that in steel by almost 40% (830 MPa in
titanium compared to 1150 MPa in steel). As can be seen in Figure 6,
after achieving the maximum deformation degree during the 3 HE
stage, in titanium the ¢ value is stabilized whereas in steel it markedly
increases by 6.5%. This difference can be attributed to the intensive
dynamic recrystallization which proceeds in 316L steel after SPD at
lower temperatures (Figure 4c), i.e. to the annihilation of structural
defects which in CP Ti grade 2 occurs during the dynamic recovery in
the first two HE passes (Figure 3b).

Figure 7 shows the DSC results obtained for CP titanium grade
2. It can be seen that the recovery and recrystallization temperatures
are evidently shifted towards lower values. The initiation
temperature of the recovery process decreases from ~480°C in the
starting material to ~280°C after the maximum true straine_ =2.75
during the 3™ HE pass. The recrystallization initiation temperature
decreases from 660°C to 570°C, respectively. For comparison with
other literature reports, we can mention the results presented in
reference [42] concerning the DSC results obtained in titanium
processed by ECAP. The DSC analysis showed the decrease of the
recovery initiation temperature from 440°C after one ECAP pass
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Figure 5: Variation of the thermal diffusivity with increasing true strain in CP Ti
grade 2 and 316L steel during cumulative cold hydrostatic extrusion.
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Figure 6: Variation of the specific heat ¢, with increasing true strain in CP Ti
grade 2 and 316L steel during cumulative cold hydrostatic extrusion.

to 310°C after three ECAP passes i.e. by 40%. Comparing this
result with the 70% decrease of the recovery initiation temperature
achieved in our study, we can see that HE is more effective in the
generation of high-energy defects.

In 316 L steel (Figure 8), the DSC analysis shows greater differences
in the heat transfer during the HE stage conducted at the highest true
strain. After the 1* and 2™ HE passes, the DSC characteristics and the
recovery temperatures are similar and indicate that intensive recovery
and annihilation of defects then proceed. These effects are much weaker
in the starting material and after the 3" HE pass (¢, = 1.73) which
results from the evident ordering of the structure and elimination of
dislocations (Figure 5). The structure obtained is nanometric with well-
shaped grains and free of dislocations in which the high-energy defects
are annihilated at grain boundaries, which, among other factors, is
the reason why the specific heat ¢ of steel increases after the 3" HE
pass, Figure 6. The tendency of the recovery temperature to increase
and the recrystallization temperature to decrease after the maximum
deformation is in CP Ti grade 2 and 316 L steel similar but in steel it is
more pronounced.
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Thermal conductivity A: Table 3 gives the measured values of the
thermal diffusivity a, the specific heat c calculated from formula (1),
and the thermal conductivity A calculated from formula (2).

In both metals, as the deformation increases, the thermal
conductivity decreases (with respect to that in the as-received material)
with the maximum decrease by 12% in CP Ti grade 2 and 13% in 316L
steel occurring during the 2" HE pass. After the final deformation pass
A slightly increases especially in 316L steel which is associated with the
well-marked change in the specific heat characteristic observed in this
material during the final HE pass (Figure 6).

The present investigations have shown that, in CP Ti grade 2 and
316L steel, the SPD process conducted at high true strains and the
resulting refinement of the microstructure reduce advantageously the
heat exchange in the material. This is of special importance from the
point of view of bio-engineering, since by decreasing the temperature
generated in the implant and its surroundings even by a few percent;
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Figure 7: Recovery and recrystallization temperature in CP Ti grade 2 after
hydrostatic extrusion (DSC results).

316L () pass number
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--0- - recrystallization temperature
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Figure 8: Recovery and recrystallization temperatures in 316L after hydrostatic
extrusion (DSC results).
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Cumulative | Thermal Specific Thermal

Notation True strain | diffusivity heat conductivity

Eum a(mm?s”) c, (kJkg'K') | A (Wm'K")
CP Tigr2 AR 0 8.56 0.55 20.38
CPTigr2_1 1.16 8.39 0.53 19.30
CPTigr2_2 2.05 7.92 0.52 17.96
CPTigr2_3 2.76 7.93 0.52 18.00
316L AR 0 3.92 0.52 16.24
316L_1 0.82 3.8 0.49 14.69
316L_2 1.39 3.75 0.47 14.06
316L_3 1.73 3.58 0.51 14.53

AR - as received

Table 3: Thermal diffusivity, specific heat, and thermal conductivity of CP Ti grade
2 and 316L steel in the as -received state and after the successive passes of
cumulative hydrostatic extrusion.

we can avoid damage to the tissue adjacent to the implant and in
consequence ensure the successful osseo integration during the
necessary surgical interventions.

Conclusion

The results obtained in the present study concerning the effect
of cumulative hydrostatic extrusion on the microstructure and
properties of CP Tigrade 2 and 316L steel confirmed the effectiveness
of this technology as one of the SPD techniques used for refining
the microstructure of materials to the ultrafinegrained (UFG) and
nanocrystalline (NC) level. After the HE process conducted with
the cumulated true strain ¢, = 2.75 in titanium and ¢, = 1.73
in 316L steel, the average grain size was d, = 95 nm in titanium
and dz = 80 nm in steel. In both materials, the refinement of the
microstructure resulted in a significant improvement of the strength
properties with respect to those of the starting material. The yield
strength YS increased by 80% in CP Ti grade 2 and 160% in 316L
steel, with the corresponding decrease of the plasticity ¢ by 40% in
titanium and 46% in steel at the maximum plastic deformation ¢,
=276 and ¢, =173, respectively. The differences between the two
materials directly result from the difference in their susceptibility
to the recovery and recrystallization processes and this, in turn, is
associated with the more than 20-fold difference in their stacking
fault energy (SFE). Thanks to the nanostructure generated in these
materials, their thermo-physical properties were obviously reduced,
namely, the thermal diffusivity a decreases by 7.5% in titanium and
8.5% in steel, the specific heat ¢, - by 4.5% in titanium and 9.6%
in steel, and the thermal conductivity A — by 11.5% in titanium
and 13.5% in steel. This effect was due to the numerous structural
defects, formed in the material during the SPD deformation, which
constitute an effective barrier to heat flow.

The results obtained during the present study open the possibilities
for bioengineering applications of the materials subjected to severe
plastic deformation realized by hydrostatic extrusion. The advantages
of these materials compared to those commercially available are their
better strength properties combined with the limited heat transfer
due to reduced thermo-physical properties. This creates favorable
conditions for their safe implantation in the human organism without
the risk of degradation of the implant material and the adjacent tissues
during the necessary surgical interventions and during the day-to-day
exploitation.
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