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FATIGUE OF SINTERED POROUS MATERIALS BASED
ON 316L STAINLESS STEEL UNDER UNIAXIAL LOADING

A. FALKOWXA, A. SEWERYN

Bialystok University of Technology, Poland

The paper presents the results of fatigue tessintéred porous 316L austenitic stainless
steel with different porosity. An analysis was condddnto the parameters obtained from
the hysteresis loop in the load cycle (changeblénvilue of Young's modulus, maximum
and minimum stress). Fatigue life of the porousemal of varying density according to
the relationship Manson—Coffin was determined.
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The mechanical properties of sintered porous 316keaitic stainless steel have also
been the subject of research in recent years. Hawthese materials take into account the
results of high density (porosity of the order efieral percent), while it would also be
desirable to define the mechanical propertieswfdensity agglomerates [1, 2].

There is a certain group of publications on thdimpieary study of fatigue life of
sintered porous 316L steel. These works preserfatigpie life of 316L steel in com-
parison to the stability of other biomaterials ugedmplants. These results are rather
qualitative than quantitative [3]. Some publicaishow the obtained values of selec-
ted strength parameters such as compressive dtrangt Young’s modulus, though
these results are incomplete [4—6]. There is onfgva publications which present a
guantitative analysis of crack propagation, buiythee the finite element simulation
only. That kind of model is used primarily to detéme the effect of size, the size or
the distance between the pores [7, 8]. The testtsesvhich could describe the mecha-
nism of formation and development of defects inrtegerial on the basis of which it
would be possible to propose the computational mdece allowing the prediction
of the state of material damage and fatigue life,sdill missing [9].

The aim of this study was to develop a methodolgy implementation of expe-
rimental strength and fatigue life of sintered 31&hinless steel, and consequently
obtain fatigue characteristics for different degreématerial porosity. These characte-
ristics form the basis for the development of cotimgy based on fatigue life, to be
used in the engineering practice.

Experimental fatigue testing of sintered samples 0316L stainless steelTest
specimens made of sintered 316L stainless stee gvented in the multistage powder
metallurgy process. The powder with a grain siz&28...250um was cold-pressed in
a matrix on a specially constructed testing machif¥-100. Numerous solutions
have an innovative nature, due to the fact that thee was assigned exclusively to the
needs of this research. The sintered samples ¢ tdegrees of porosity 41, 33 and
26% were used in this test. Prepared compacts simtered for 1 hour in an oven with
a vacuum device at a temperature of Z30-ollowing this process, the samples were
exposed to the last stage of the preparation pspeasich gave the final shape by
cutting with water and machining.
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2 — computer software — digital control
FlexTest SE4 — dynamic extensometer

/ Fig. 1. The scheme of the test stand:
H /— 1 — testing machine MTS 858 Mini Bionix;
[ r [ |

l MTS 858

Instron 2620-601.
4
\\\E Monotonic tensile and appropriate
2 3 tests were carried out on the fatigue testing
oo oo

/_ % machine MTS 858 Mini Bionix with
F—L’/» Flex digital control FlexTest SE (Fig. 1). For
PC Test SE . .

[ il 1 the displacement measurement, and in
” ” ’_l l_l order to control the dynamic load the

extensometer Instron 2620-601 with the
measurement base of 20 mm and a range of +2.5 menused. The samples were
mounted in the testing machine by the speciallygthes! handles.

Table 1. The parameter values of the porous sintedematerial 316L
with three degrees of porosity compared to the salimaterial values

Porosityp, % 41 33 26 | Solid 316L [10]
Densityp, g/cn? 45| 52| 58 8
Yield Ry, MPa 47.00 74.2| 106.0 220
Tensile strengtiR,, MPa| 58.2| 101.6 175.9 530...680
Young Modulusg, GPa | 32.9 53.21 72.2 200
ElongationAs, % 1.78| 3.23| 6.31 40

Prior to strength testing, a monotonic
tensile test was performed on specimens
prepared from sintered 316L steel, with
different degrees of porosity. The nominal
stress-strain curves were obtained (Fig. 2).
To calculate the stress only the original
cross-sectional area of the sample was
taken into account. Because of the sample
shape there was no technical possibility to
measure their displacement during the
loading process. The basic mechanical
properties of this material were evaluated
(Table 1).

The uniaxial cyclic oscillating (sym-

Fig. 2. Mo.notonic tensile curves of sintgred metrical) loading was applied. This is
316L stainless steel of different porosity:  pecayse the sintered porous 316L stainless
1-p=41%2-35%3-26% steel for joint endoprosthesis components
are exposed to compressive and bending stressksdaiityerous tensile zones. The
following parameters as: sample loading force, gddion of the extensometer base and
the number of cycles to crack initiation were releat during the study. The averaged
deformation of the measurement base was the cordr@ble. The frequency of load
change wa$= 0.5 Hz. The study included various ranges oftctharol variable (strain
amplitude¢y): 0.01, 0.008, 0.007, 0.005, 0.004, 0.0035, 0.(Ad3. Each trial was
repeated three times.
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The performed investigation made it
possible to obtain plots of fatigue life. ]
They showed the dependence of the de .
formation amplitudee, on the number of iy
cycles N¢g to complete fracture of the
specimen. The comparison of the fatigue
life graphs for the three degrees of poro- ]
sity shows that with the increase in poro-
sity the fatigue life measured by the num-g oo, -
ber of cycles until complete failure de-
creases about three times for a tota
assumed load range (Fig. 3).
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The study of the fatigue life of sin- 0,001

tered porous 316L steel of various poro- 10

10000

Nro

sity revealed the specific nature of the Fig. 3. The comparison of the fatigue life

material. Significant changes in the ap-
pearance of a hysteresis loop in the pro-
cess of the cyclic load were observed

graphs for the three degrees of porosity:
1-p=41%;2 — 33;3 - 26%.

(Fig. 4). Significant changes visible in the shapehe hysteresis loop are due to the
fact that the tests are carried out in the loweasuneng range of the extensometer.
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Fig. 4. Hysteresis loops recorded
for the strain amplitude, = 0.005
of sintered 316L stainless steel
with a porosity of 41%d); 33 0); 26% ).

the elastic Young's modulus induced by

the development of fatigue failure for both
the tension step and the compression of th
sample was carried out. In Fig. 5 the com-
parison of Young’'s modulus for the sin-
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tered samples with a porosity of 41; 33 and 26%aifstamplitudes, = 0.005) is

shown. Young’s modulus values were determined \ithelatively low accuracy,
resulting from the measurement errors of extensem@tork in the lower range). It
can be also affected by the nonlinear behaviorhef material (plasticizing of the
material near the pores even for small load values)
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Fig. 5. Young’'s modulus values for the sintered
samples with different porosity:
1 — compressiop = 26%;2 — tensiorp = 26%

¢ o e
3 4 (N¢o = 205);3 — compressiop = 33%;
80_9 S <>/<> 4 — tensiorp = 33% (o = 93);
4 . & S 00 5 — compressiop = 41%;6 — tensiorp = 41%
m * 8 (Nfo = 90) (strain amplitude, = 0.005).
_ 5 s
— &/ &/ * . ' In addition, the course of the maxi-
A & 4 AN mum and minimum stresses in various
. ® duty cycles was analyzed. A few of them
A are shown in Fig. 6.
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% - @ Fig. 6. The maximum and minimum stress
% load cycle for samples with porosity:
b e - a: 41% (L — Opmax = 43.37 MPalN; = 50);
100, b: 33% @ —Omax = 87.16 MPaNf: =75);
;’ C: 26% B —Omax = 124.91 MPalN; = 195)
i : ’; (strain amplitude, = 0.005).
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‘ sintered 316L stainless steel with vari-
§ o ous porosity. The Manson—Coffin rela-
Tl e . cosorma tionship was used to determine the fatigue
o | life (strain amplitudes, as a function of
-200 - the number of cycles to failure Bt o) of

the tested porous material (sintered steel
316L) [12-14]:

ace , B8 _Oto (2Nf0
2 2 E

where Nt o — number of cycles until failure for as porous enial sampleo;o, &0 —
coefficients in dependence defining the fractur¢éhefporous material samplay, ¢, —
exponents in this dependence.

After transformations it is possibly to propose eleglenceaeq(Ny ), andAap(Nf*),
where Ny is a number of cycles until crack initiation (ceugs decrease of the
maximum stress values in a load cycle):

€= )b°+ef0(2Nf0)C°,
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% = Iogo?f +b log N7, IogAizp =loge; +¢ log 2N,
whereo;, & — coefficients in dependence which defines craxtation in porous
material;b’, ¢ — exponents in this dependence.

It should be noted that the valueNﬁ was found from the point of intersection of
two approximating straight lines. The dependence¢hef maximum axial stress in a
load cycle on the number of load cycles assumiagttie first of these lines describes
approximately a constant value of these stresdes.r@sults of the calculation para-
meterse;o, G, & andc and for different porosity, using the least sqaai® presented
in Table 2.

log

Table 2. The parameters values according to the Maon—Coffin for crack initiation
curve and fatigue life (up to the total fracture ofthe samples)
of the sinters 316L stainless steel

Porosityp, % Fracture curve i Crack ini;[iation curve
c & R c & R
41 0.5055| 0.000108 0.9950 0.4964 0.000057 0.9740
33 0.4934| 0.000163 0.9908 0.4730 0.000158 0.9935
26 0.5126/ 0.000194 0.9912 0.4968 0.000181 0.9803

The fatigue life graphs: the fracture of the sample,(N;g) and the crack initia-

tion Asp(Nf*) of the sintered 316L stainless steel, obtainedHmge degrees of porosity,
have a similar course. It is worth paying attentioithe physical interpretation of those

graphs. The relationsh'msp(Nf*) obtained by recording the number of cycles in \whic
a sharp decrease in maximum stress was obsenadyrask initiation curve in porous
material (Fig. @).
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Fig. 7. The scheme of creation and developmentsaremicrocracks in the sintered porous
316L stainless steak; 1 — damage accumulation in bridges between p@resrack initiation
Asp(Nf*), 3 — crack propagatior, — fracture of the samples,(N; o) (sintered 316L stainless
steel with a porosity 33%lx. damage accumulation in bridges between pores;
c: bridges cracking identified with the crack iniita; d: further development of cracks.

This relationship describes both the pores boundimgvell as the initiation of
cracks. This completes the period of damage acaitionlin bridges between pores.
Crack growth increases because the pores do na $laarp edges (like classical
cracks) and the situation is similar as in the a#seracks, which develop at the edge
of the hole. This effect is definitely bigger fortarials with higher porosity. Basically,
the relationshiphe, (N o) describes a curve of samples failure — the momésen the
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cracks reach a critical dimension and the sampieisable to sustain any additional
strain (the fracture takes place, forming the ecgesgion crack) (Fig.-d).

CONCLUSION

Analyzing the results of fatigue tests of sinteBdéL stainless steel samples with
various density (porosity from 26 to 41%) it is pitde to draw important conclusions
to predict the damage state as well as the cragkimgesses in the material. In the pro-
cess of fatigue damage development modelling irsémeples made of sintered porous
316L stainless steel two stages can be distingdishee first one concerns the damage
accumulation in the bridges between the poreshgaiace on the microscale. It is cru-
cial to take into account the stress concentratimhplastic strain in bridges (on the me-
soscale). The second stage is connected with lyrafipores (cracking of subsequent
bridges between them), which has to be considerédeomesoscale. This gives a similar
effect of increasing the susceptibility of the mitie(decrease of Young’s modulus and
the maximum values of the stress in the load cyolethe case of evenly spaced cracks
growth in the material, which is attributed to fpie loading of constant amplitude.

PE3FOME. HaBeneHo pe3ylbTaTH BTOMHHX BUIIPOOOBYBaHb 3pa3KiB ayCTeHITHOI ctani 316L
3 piBHsiME nopucrocti 26, 33i 41%.IIpoanani3oBaHO mapaMeTpH, OTPUMAHI i3 METI ricTepe3u-
Cy B IIMKJII HABaHTaXXEHHs — 3MiHy Moayiysi FOHra, MakcMManbHUX 1 MiHIMaJbHUX HAIPYKECHb.
BukopucroByrouu 3anexHicts MeHcona—Koddina, Bu3HauMaM BTOMHY MillHICTh IOPUCTUX Ma-
TepiajiB 3 PI3HUM CTYIICHEM 3arylIeHHS.

PE3IOME. TlpencraBieHsl pe3yabTaTbl YCTATOCTHBIX UCIbITaHUN 00pa3loB ayCTEHUTHO
cranm 316L ¢ ypoBHsamu nopuctoct 26, 33u 41%.[Ipoananu3upoBaHbl TapaMeTpbl, MOTyUYCH-
HBIE U3 NETJIM TUCTEPEe3uca B LIUKJIE HArpy3Ku — U3MeHeHus Monyis FOHra, MakcuMaibHBIX U
MHHHMMAJbHBIX HanpspkeHui. Mcnonssys 3aBucumocts Mencona—Kodduna, onpenemnmu ycra-
JIOCTHYIO IPOYHOCTb IOPUCTBIX MATEPUAJIOB C Pa3JIMUHBIM YPOBHEM IJIOTHOCTH.
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