UDC 539.4

Vacuum Crack Growth Behavior of Austenitic Stainless Steel under
Fatigue Loading
T. Takeda, Y. Shindo,1 and F. Narita
Tohoku University, Sendai, Japan
1

shindo@material.tohoku.ac.jp

ÓÄÊ 539.4

Çàêîíîìåðíîñòè ðîñòà òðåùèíû â àóñòåíèòíîé íåðæàâåþùåé ñòàëè
ïðè öèêëè÷åñêîì íàãðóæåíèè â âàêóóìå
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Óíèâåðñèòåò Òîõîêó, Ñåíäàé, ßïîíèÿ
Îïèñàíû çàêîíîìåðíîñòè ðîñòà óñòàëîñòíûõ òðåùèí â àóñòåíèòíîé íåðæàâåþùåé ñòàëè â
âàêóóìå. Ñ öåëüþ ó÷åòà âëèÿíèÿ ñðåäû íà ðîñò óñòàëîñòíûõ òðåùèí ïðîâåäåíû èñïûòàíèÿ
íà öèêëè÷åñêóþ òðåùèíîñòîéêîñòü êîìïàêòíûõ îáðàçöîâ íà âîçäóõå è â âàêóóìå. Äèàãðàììû
ðîñòà óñòàëîñòíûõ òðåùèí ñòðîèëè â êîîðäèíàòàõ ñêîðîñòü ðîñòà òðåùèíû – ðàçìàõ
J-èíòåãðàëà. Ïðè ýòîì J-èíòåãðàë ðàññ÷èòûâàëè ñ ïîìîùüþ ìåòîäà êîíå÷íûõ ýëåìåíòîâ.
Äëÿ èññëåäîâàíèÿ ìåõàíèçìîâ ðàñïðîñòðàíåíèÿ òðåùèí è îöåíêè êîððåëÿöèè óñòàëîñòíûõ
õàðàêòåðèñòèê áûëè âûïîëíåíû ôðàêòîãðàôè÷åñêèå èññëåäîâàíèÿ. Óñòàíîâëåíî, ÷òî óñòàëîñòíûå òðåùèíû áûñòðåå ðàçâèâàþòñÿ ïðè èñïûòàíèÿõ â âîçäóõå, ÷åì â âàêóóìå, ïðè÷åì
äàííûé ýôôåêò çàâèñèò îò àñèììåòðèè öèêëà.

Êëþ÷åâûå ñëîâà: ìåõàíèêà ðàçðóøåíèÿ, ìåòîä êîíå÷íûõ ýëåìåíòîâ, óñòàëîñòíûå èñïûòàíèÿ, íåðæàâåþùàÿ ñòàëü, ñêîðîñòü ðîñòà òðåùèíû, âëèÿíèå
ñðåäû.
Introduction. Many components of mechanical structures can be loaded in
fatigue during service and consequently failure due to fatigue is of a great concern.
In the conventional classification, we can distinguish three regimes as: low cycle
fatigue (LCF), high cycle fatigue (HCF), and very high cycle fatigue (VHCF), i.e.,
failure under cyclic loading at more than 10 7 cycles. VHCF is also referred to as
giga-cycle fatigue (GCF). In general, in the LCF and HCF ranges, fatigue cracks
are initiated at surfaces. In the VHCF range, the internal crack nucleation occurs at
stress-concentration regions, generally in the vicinity of an inclusion or a porosity
[1]. However, the experimental data for the fatigue properties of structural alloys at
very long lifetimes are difficult to obtain, because fatigue tests in the VHCF regime
are significantly time consuming with conventional servo-hydraulic testing equipment,
where a maximum loading frequency on the order of 100 Hz is typical [2].
The fatigue process consists of crack initiation and crack propagation to
failure and thus, the total useful life of a cyclically loaded component is dependent
upon the growth rate of cracks. In order to assess the structural integrity and useful
life of components, an understanding of the fatigue crack growth characteristics of
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structural alloys is essential. In the VHCF regime, cracks propagate inside the
material and are isolated from the external environment. It is noteworthy that the
surrounding environment is known to play a role in the fatigue crack growth
behavior of engineering alloys [3, 4]. In addition, fatigue crack growth data in
vacuum can be taken as the reference to examine the environmental effects. Hence,
fatigue crack growth test in vacuum offers an attractive approach for investigation
of the crack-tip environmental mechanisms for alloys.
In this paper, we study the fatigue crack growth behavior of an austenitic
stainless steel in a vacuum environment. Fatigue crack growth tests were performed
in laboratory air and vacuum to obtain the crack growth rate as a function of the
J-integral range. The J-integral range was determined from an elastic-plastic finite
element analysis. After conducting the fatigue crack growth tests, the associated
fractographic features were examined by scanning electron microscopy (SEM).
1. Experimental Procedure.
1.1. Material and Specimen Preparation. The commercial SUS 304 austenitic
stainless steel plates were employed for the tests. The 304 alloy belongs to the
class of metastable steels. The chemical composition of the as-received 304 alloy
(provided by the vendor) is listed in Table 1. The Young modulus E and yield
strength s YS of the 304 alloy are 191 GPa and 327 MPa, respectively. The E and
s YS data were determined by tensile tests.
T a b l e 1
Chemical Composition of SUS 304 Stainless Steel (in weight percent)
C

Si

Mn

P

S

Ni

Cr

0.04

0.6

0.93

0.025

0.003

8.11

18.25

The compact tension (CT) specimens having width W = 25 mm and thickness
B = 5 mm (width-to-thickness ratio W B = 5), i.e., 0.2TCT specimens [5], were
machined from the plates. The geometry and dimensions of the 0.2TCT specimen
are shown in Fig. 1. Each specimen was fatigue-precracked in laboratory air. The
precracking was continued to a nominal original crack length-to-width ratio a 0 W
of 0.6. After precracking, a side-groove was made on each side of the specimens
and the net specimen thickness B N was 4 mm.

Fig. 1. Geometry and dimensions of CT specimen.
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1.2. Fatigue Crack Growth Test and Fractography. Fatigue crack growth
tests were conducted in laboratory air and vacuum using a 30 kN capacity
servohydraulic testing machine, operated under load control, with sinusoidal
loading. The vacuum experiments were performed in an environmental chamber,
and a turbomolecular pumping system was used to evacuate the chamber. A cyclic
frequency of 3 Hz and a load ratio R of 0.1 or 0.5 were used on all tests. The load
ratio R is defined as Pmin Pmax , where Pmin and Pmax are the minimum and
maximum loads applied over the fatigue cycle, respectively. The applied load was
measured by the testing machine load cell. A clip gauge was used to measure the
load line displacement. The instantaneous crack length a as a function of the
number of cycles N was inferred from the compliance (which is the reciprocal of
the load–displacement slope), and the crack growth rate da dN was then
determined.
Following the fatigue crack growth tests, the crack surface morphology was
examined by SEM. Fractographs were taken for each testing environment in
regions of fatigue stressing.
2. Finite Element Analysis. The fatigue crack growth rate da dN can be
related to the J-integral range DJ during fatigue loading. The J-integral range DJ
can be obtained as DJ = J max - J min , where J max and J min are the maximum
and minimum J-integrals corresponding to the maximum and minimum applied
loads, respectively. In this study, an elastic-plastic finite element analysis was
carried out for the side-grooved CT specimen of SUS 304 stainless steel in order to
evaluate the J-integral range DJ . The commercial finite element code ANSYS was
used for the analysis.

Fig. 2. Illustration of boundary conditions on the CT specimen model.

The finite element model of the side-grooved CT specimen was threedimensional, and the CT specimen was modeled and loaded, as shown in Fig. 2,
where Oxyz is the Cartesian coordinate system. Owing to symmetry, only one
quarter of the specimen needs to be analyzed. The finite element model of the CT
specimen was based on the geometry and dimensions of the specimen. A mechanical
load was produced by the application of the uniformly distributed load per unit
thickness p max , p min . The uniformly distributed loads, p max and p min ,
correspond respectively to the maximum and minimum applied loads as read by a
load cell in the experiments. The incremental plasticity theory and the von Mises
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yield criterion were employed. Let the uniaxial stress s – strain e curve be fitted
by the following relationships:
ì Ee , for e £ e YS ,
s =í A
îae , for e ³ e YS ,

(1)

where e YS = s YS E is the yield strain, a is a constant, and A is the strain
hardening exponent. The values of a and A can be determined based on the
experimental stress-strain behavior. For SUS 304 stainless steel, we obtained
a =1140 MPa and A = 0.2 from the tensile test data.
The J-integrals at the mid-thickness of the CT specimen (z = 0) were used to
obtain the J-integral range DJ . The J-integral at z = 0 is given by
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where G0 is a contour enclosing a crack tip, w is the strain energy density, s xx ,
s yy , and s xy are the components of the stress tensor, u x and u y are the
components of the displacement vector, and n x and n y are the components of the
outer unit normal vector.
3. Results and Discussion. The amounts of crack extension Da, i.e., the
lengths of fatigue crack measured from the initial crack tip (Da = a - a 0 ), in air and
vacuum as a function of the number of cycles N are shown in Fig. 3 under the
maximum applied load Pmax = 2.0 kN at the load ratio R = 0.1. The amount of crack
extension increases with the increase in the number of cycles. Also, the crack
extension amount in air is slightly larger than that in vacuum. Figure 4 shows the
plots of the crack extension amount Da versus number of cycles N at the load
ratio R = 0.5. At R = 0.5, with increasing fatigue cycles the crack growth in air
accelerates more rapidly than in vacuum.

Fig. 3. The amount of crack extension Da versus the number of cycles N at the load ratio R = 01
..
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Fig. 4. The amount of crack extension Da versus the number of cycles N at the load ratio R = 0.5.

The fatigue crack growth behavior in air and vacuum at the load ratio R = 0.1
is shown in the form of crack growth rate da dN as a function of J-integral range
DJ , in Fig. 5. Although the da dN versus DJ data exhibit some scatter, the crack
growth rate in air is higher than that in vacuum at lower DJ . In contrast, at higher
DJ the da dN versus DJ curves for the tests in air and vacuum nearly overlap.
The trend in the fatigue crack growth behavior can be explained with the
mechanisms of environmentally assisted damage at the crack tip. The acceleration
of the crack growth rate in air can be attributed to the adsorption of gaseous species
by the freshly exposed bare metal at the crack tip [6]. At lower DJ , where the
crack is growing slowly, there is enough time for the gaseous species to adsorb
onto the freshly exposed metal surface at the crack tip. As a result the air
environment accelerates the damage process. When the crack is growing faster at
higher DJ , adsorption rates are slower than the rate of crack advance, resulting in
lesser crack-tip environmental damage. The fatigue crack growth results at the load
ratio R = 0.5 are plotted in Fig. 6. The figure clearly shows an accelerated crack
growth in air compared to that in vacuum.

Fig. 5. Fatigue crack growth rate da dN versus J-integral range DJ at the load ratio R = 01
..
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Fig. 6. Fatigue crack growth rate da dN versus J-integral range DJ at the load ratio R = 0.5.

The SEM micrographs of the fracture surfaces in air and vacuum at the load
ratio R = 0.5 for high DJ levels are shown in Fig. 7, where the direction of crack
propagation is from top to bottom. Although the fracture surfaces display ductile
dimple features and some transgranular cleavages, the micrographs reveal the
fractographic difference in air and vacuum. That is, the SUS 304 specimens show a
more cleavage morphology in air. The fracture surfaces in air and vacuum at the
load ratio R = 0.1 for high DJ levels also show the ductile dimple fracture,
however, the test environment does not considerably affect the fractographic
features (not shown). The above fatigue crack morphology changes correlate with
the trends of the crack growth behavior. The SEM micrographs of the fracture
surfaces in air and vacuum at the load ratio R = 0.5 for low DJ levels are shown
in Fig. 8. For low DJ levels, the fracture surfaces are smooth and consist of
predominately transgranular cleavages. Also, clear fractographic differences in air
and vacuum are not seen in the SEM images. Similar characteristics are observed
for the fracture surfaces at the load ratio R = 0.1 for low DJ levels (not shown).

Fig. 7. SEM observations of the fracture surfaces at the load ratio R = 0.5 for high DJ levels: (a) air;
(b) vacuum (crack propagation from top to bottom).
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Fig. 8. SEM observations of the fracture surfaces at the load ratio R = 0.5 for low DJ levels: (a) air;
(b) vacuum (crack propagation from top to bottom).

Conclusions. The focus of this paper is the study of the fatigue crack growth
behavior of an austenitic stainless steel in a vacuum environment. It is found that
the exposure to laboratory air increases the rate of fatigue crack propagation. Also,
this environmental effect is shown to be dependent on the load ratio R. At R = 0.5,
the fatigue crack growth rates are clearly higher in air than in vacuum. On the other
hand, the crack growth rates in air merge with vacuum results as J-integral range
increases at R = 0.1. Such a trend can be related to the crack-tip mechanisms of
environmentally assisted damage. In addition, the changes in fatigue crack growth
behavior are accompanied by the fracture morphology changes.
Ðåçþìå
Îïèñàíî çàêîíîì³ðíîñò³ ðîñòó òð³ùèí âòîìëåíîñò³ â àóñòåí³òí³é íåðæàâ³þ÷³é
ñòàë³ ó âàêóóì³. ²ç ìåòîþ âðàõóâàííÿ âïëèâó ñåðåäîâèùà íà ð³ñò òð³ùèí
âòîìëåíîñò³ ïðîâåäåíî âèïðîáóâàííÿ íà öèêë³÷íó òð³ùèíîñò³éê³ñòü êîìïàêòíèõ çðàçê³â ó ïîâ³òð³ ³ âàêóóì³. Ä³àãðàìè ðîñòó òð³ùèí âòîìëåíîñò³ áóäóâàëè
â êîîðäèíàòàõ øâèäê³ñòü ðîñòó òð³ùèíè – ðîçìàõ J-³íòåãðàëà. Ïðè öüîìó
J-³íòåãðàë ðîçðàõîâóâàëè çà äîïîìîãîþ ìåòîäó ñê³í÷åííèõ åëåìåíò³â. Äëÿ
äîñë³äæåííÿ ìåõàí³çì³â ïîøèðåííÿ òð³ùèí ³ îö³íêè êîðåëÿö³¿ õàðàêòåðèñòèê
óòîìè ïðîâåäåíî ôðàêòîãðàô³÷í³ äîñë³äæåííÿ. Óñòàíîâëåíî, ùî òð³ùèíè
âòîìëåíîñò³ øâèäøå ïîøèðþþòüñÿ ïðè âèïðîáóâàííÿõ ó ïîâ³òð³, í³æ ó
âàêóóì³, ïðè÷îìó äàíèé åôåêò çàëåæèòü â³ä àñèìåòð³¿ öèêëó.
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