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A specifically designed cruciform-shaped austenitic stainless steel AISI 321 sample was subjected
to ex-situ biaxial tension-compression cycling to establish ferromagnetic martensitic phase conversion
under the action of plastic deformation. The time-of-flight neutron diffraction technique was employed
for in-plane residual stress determination in this sample for both the austenitic and martensitic phases.
The 2D data enabled determination of the macro-, micro-, hydro- and deviatoric contributions to the
total phase stresses.

OO6p 3enl KpecTooOp 3HOW TeOMETpUM M3 YCTEHHTHOH Hepx Betomeil cr jau AISI 321 Gbur mon-
BEPrHYT JBYOCHOMY LIUKJIMPOB HMIO B BHJIE IIEPHOJUYECKOrO p CTaXeHusd-cxk Tud. Ilon meiicTBueM i -
CTUYECKOH netopM LM YCTEHHTH S M TPHUI[ HUCIBIT J1 Y CTUYHYIO Tp HC(OpM IHMIO, YTO HPHBEIO K
MOSIBJICHHIO B 0Op 3I1e HOBOWH M PTEHCHUTHOI (heppoM THUTHOH ¢ 3bl. C ITOMOIIBIO METOX HEUTPOHHOM
anucdp KUMM 10 BPeMEeHH IpojieT ObUIM M3MepeHbl IOJIHbIE OCT TOYHBbIE H INpsSXeHHs B obenx ¢ 3 X,
MPUCYTCTBYIOIINX B UKJIMPOB HHOM 00p 3me. UX H nu3 B T H pHOM IPHOIIKEHUH TTO3BOJIMI OIpe-
JENTUTh M KPOH HPSKEHUs, ONUH KOBBbIE B 00euX ¢ 3 X, U MUKPOH NPSKEHUs B K KIOU ¢ 3¢ OTHENbHO,

T KXe BKJI J THIPOCT TUYECKOIO J BJICHUS B IIOJIHBIE () 30Bble H IPSXKEHHS.

PACS: 61.05.F-; 62.20.F-; 81.05.Bx; 81.40.Np; 83.85.St; 87.64.Bx

Investigation of fatigue degradation and martensitic transformation of austenitic stainless
steel AISI 321 (Cr18Nil0Ti) is of great practical relevance due to its wide application amongst
others in the nuclear and chemical industries. The experimental simulation of these processes
is usually performed by uniaxial mechanical tension-compression cyclic loading. However,
machines and structures are generally subjected to more complex multiaxial and possibly
nonproportional stresses rather than simple uniaxial stress. The failure and fracture problem
under multiaxial stresses is one of the most important topics to ensure the reliability of
industrial components.

To investigate the effects of in-plane biaxial loading on stress-induced martensite phase
transformation, the cruciform geometry samples of two kinds named Krest and Kreuz were
specifically designed for nondestructive investigation using neutron diffraction techniques.
The design comprises a central membrane 15 mm in diameter and 2 mm in thickness sur-
rounded by thicker material 5 mm in thickness extending to the cruciform edges. Specific
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care was taken to minimize possible sharp surfaces at the membrane-surrounding material
interface to eliminate stress concentrators. Samples of this geometry were subjected to ex-sifu
biaxial out-of-phase tension-compression cycling under load control at different amplitudes
using an Instron 100 kN biaxial planar cruciform system. During plastic deformation a new
ferromagnetic martensite phase is forming in the parent austenite matrix [1].

Sample Krest-2, cycled at 0.5 Hz frequency and 17 kN load amplitude for 407 cycles
rendering about 40% martensite volume fraction conversion, has been investigated using
neutron diffraction techniques:

e Time-of-flight (TOF) diffraction measurements were performed at the IBR-2 pulsed
nuclear reactor at JINR [2, 3] along two perpendicular in-plane directions across the diameter
of the membrane. A comprehensive 2D mapping could not be completed due to the IBR-2
facility being shut down for refurbishment.

e A 2D mapping of the membrane section was pursued following the (220) austenite and
(211) martensite diffraction reflections using a monochromatic neutron beam at the ILL high
flux reactor, SALSA instrument. The residual stress analysis from the experimental data was
inconclusive though due to excessive crystallographic texture in the intensity of the martensite
reflection [4].

To overcome the problems associated with the crystallographic texture, it became essential
that a number of diffraction peaks representative of each phase be investigated simultaneously
to assist in the identification of those Bragg reflections for which the intensities were not
influenced to adversely. This paper subsequently reports results from a 2D diffraction analysis
of the in-plane residual stresses in the membrane section of sample Kreuz-1, using TOF
neutron diffraction at SINQ spallation source (Paul Scherer Institute, Switzerland), POLDI
instrument. POLDI is a correlation type TOF diffractometer [5]. Sample Kreuz-1 (Fig. 1) has

Vertical
i primary slit

Rupture | Membrane |

Fig. 1. Photograph showing Kreuz-1 sample mounted on the POLDI instrument for the in-plane
z-component investigation. In this set-up the A1-A2 sample direction is aligned horizontally along the
neutron scattering vector. The vertical slit is visible at the top right with the horizontal slit directly
behind it. The y-component measurements were done by rotating the sample 90° clockwise to have this
direction along the scattering vector
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been subjected to biaxial cycling at load amplitude of 15 kN and frequency of 0.5 Hz until
rupture of the membrane. This rupture occurred within quarters of A2-0-B1 and A2-0-B2 at
the interface of the membrane and the peripheral 5 mm thick surrounding material as indicated
in Fig. 1 during the tension cycle 1904.

The experimental set-up of the Kreuz-1 cruciform sample on the POLDI instrument is
shown in Fig. 1. A neutron gauge volume fully illuminating the 2 mm membrane thickness,
but limited to a size of 1.5 mm vertically and horizontally, was formed by using slits 1.5 mm
in size for the primary neutron beam and a 4 mm radial collimator in the secondary neutron
beam. Diffracted data were recorded on a one-dimensional *He position-sensitive detector
covering an angular range of nearly 30° at a central scattering angle 26 ~ 90°. The 2D
in-plane diffraction mapping of the membrane and the surrounding material was performed
using a discrete 1 x 1 mm rectangular measurement mesh. The sample coordinate system
(x, y) corresponds to the loading directions A1-A2 and B1-B2, respectively (axes notation
is seen in Fig. 1).

Strain scanning was performed on the two quarters of A1-0-B2 (right) and A2-0-B2
(left) assuming mirror symmetry relative to the A1-0-A2 axis. Diffraction measurements
were carried out for two perpendicular orientations of the sample with the neutron scattering
vector being directed along either the x- or y-axis (x- or y-component hereinafter). Neutron
diffraction patterns covering the d-spacing range 0.7-2.2 A were measured at all sampling
points. Selective measurements at points surrounding the membrane section were used as
reference for the strain assessment in the austenite phase since no martensite formation was
present here. Data processing was done on the (111) austenite and (110) martensite diffraction
reflections using a Gaussian single-peak fit approach (POLDI in-house program «Poldiausfit»).

To calculate residual strains from the experimentally measured d-values of the (111)
austenite and (110) martensite lines respective stress-free reference d-spacing is needed. Un-
fortunately, owing to the complex nature of the austenite matrix phase transformation during
fatigue cycling, it is impossible to obtain stress-free data for martensite inclusions. For
the austenite phase, as a rough but plausible approach, the unstrained reference parameter
do(111) = 2.072418 A was measured on the outer part of the sample surrounding the mem-
brane where no plastic yielding and martensite phase formation had occurred. Using Hooke’s
law for a biaxial geometry, the austenite stress tensor in each measured point was calculated
using Young’s modulus £ = 170 GPa and Poisson ratio v = 0.3. In Fig.2 both z- and
y-components of the austenite total residual stresses are illustrated (two upper curves) as
function of radius r along the A1-0-A2 diameter line (y = 0). The qualitative estimation
of the stress relief occurring in the austenite phase due to the rupture of the membrane was
obtained by averaging the z- and y-components of the total stresses in both investigated
quarters. The calculated values were within 40 MPa, implying that the stress relief in the
austenite phase is marginal.

For the determination of the martensite unstrained parameter, dop(110), three general
conditions can be applied (e.g., see [6,7]), namely, separation of the total stress, tg, into
macrostress, Mo (the same in each phase) and phase microstress, #o, a phase mixture rule,
and a stress equilibrium approach, which successively are

t M
Uf ="0; —4—“0;?, (1)

Fof [+ T =0, 2)
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Fig. 2. Radial distributions of z- and y-components of the phase total residual stresses in austenite (two
upper curves) and martensite (two lower curves) as function of radius r along A1-0-A2 diameter line
with y =0

1
Mg, = v/Maj dv =0, 3)

where subscript j indicates a stress component at a sampled point, fP represents a volume
fraction of p-phase, p = a for austenite or m for martensite, respectively. Using Egs. (1), (2),
the macrostress can be expressed as

Moy ="off* + o) ™. “)

As the measurements were made in a discrete mesh, integration over a free body volume can
be replaced by summation

D Lo (en) f(vr) + o (e) £ (x)] = 0, (5)

k

where the radius-vector, ry, corresponds to the kth mesh cell.

If the phase volume fractions are known, the martensite unstrained parameter, do(110),
may be estimated from Eq.(5) using the planar presentation of Hooke’s law for the total
martensite stress ‘o7 (r),) expressed through the martensite lattice spacing d(110). Taking
into account that f* + f™ = 1, the martensite volume fraction in each sampled point was
calculated from the ratio of the austenite and martensite diffraction peak areas

() () (&) ©
Am ) \ Jm ) \Qm )’
where p-phase values F}, and j, are the structure factor and reflection multiplicity. For the @)

factor it can be shown that in the case of TOF diffraction the relation Q, ~ (1/d,)? is valid.
The results of martensite fraction calculations for z- and y-components are shown in Fig. 3.
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Fig. 3. Two-dimensional distribution of the martensite volume fraction determined using Eq. (6) from
respectively the z- (a) and y- (b) component investigations within the A1-0-B2 (z > 0) and A2-0-B2
(z < 0) membrane quarters

Table 1. Martensite experimental data

Quarter x-component y-component
Fraction, % | do(110), A | *57", MPa | Fraction, % | do(110), A | *5}", MPa

Right 23.8 2.030077 | —58.2(8.4) 27.5 2.029965 |—120.9(5.8)

Left 23.7 2.029929 |-112.9(9.4) 26.7 2.029432 |-114.7(7.6)

As a first-order observation, some asymmetry seems to exist between the left and right
membrane quarters. However, mean values of martensite fraction within both quarters summa-
rized in Table 1 do not show any marked asymmetry. Despite the rupture of the membrane in
the left quarter, asymmetry is not expected as the martensite transformation is irreversible. The
4% difference between the mean values of martensite fraction for the x- and y-components can
be ascribed to the presence of weak crystallographic texture in the (110) martensite intensity.

Assuming no elastic mismatch between austenite and martensite phases and resolving
Eq. (5) relative to do(110), four dp-values have respectively been determined from the z-
and y-component measurements in both quarters (Table 1). The mean value, 2.029851 A,
has subsequently been used as the martensite unstrained reference parameter dy(110) for the
strain calculations. The martensite stress tensor in each measured point was calculated taking
the elastic constants as used for the austenite phase. In Fig.2 (two lower curves) both x- and
y-components of the martensite total residual stresses are illustrated as function of radius r
along A1-0-A2 diagonal line for y = 0. The averaged martensite total residual stresses within
each quarter are shown in Table 1 (‘67" and t&;”). A large difference exists in the values
between the left and right membrane quarters for the x-component, while the y-component
values are similar. This indicates potential stress relief in the martensite phase due to the
rupture in the membrane.

By using Eq.(4), the residual macrostresses can be separated as Mo, and Mo, in two-
phase material. The 2D results of the z- and y-component martensite phase macrostresses
within the top half of the membrane are shown in Fig. 4 from diffraction measurements parallel
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Fig. 4. Dependences of the z- and y-component macrostresses (plots @ and b, respectively) on
z-coordinate in the top half section of the membrane at different y-coordinates shown as a number of a
curve. Typical error is shown for some curves

to the A1-0-A2 direction and for y-coordinate between 0 and 6 mm. The xz-component
(Fig. 4,a) demonstrates noticeable asymmetry between the right and left quarters. As such
its value in quarter A1-0-B2 varies from 60 to —40 MPa, while its dispersion in quarter
A2-0-B2 is appreciably smaller varying between 35 to —20 MPa. Again this effect may be
attributed to stress relief of the x-macrostress component due to the membrane rupture. The
y-component macrostress does not show obvious asymmetry between the quarters.

The residual macrostress calculations are based on the macrostress equilibrium condition
(Eq. (3)), i.e., the mean values of the x- and y-components of macrostresses in both membrane
quarters must equal zero. The results from the averaging macrostress procedure are presented
in Table 2. The fact that the averaged macrostress components are not exactly equal to
zero, but within 17 MPa, reflects the approximate nature of the assumptions used for the
determination of phase strain-free parameters being satisfactorily. This particularly concerns
determination of the dy-parameter for the martensite phase, potentially influenced by texture
contributions on the martensite volume fraction parameter used in the calculations.

Table 2. Macro- and hydrostresses

Quarter Averaged macrostress, MPa | Averaged hydrostress, MPa
x-component | y-component | Austenite Martensite

Right 6.8(4.5) -1.43.9) |[22.124) -59.7(3.4)

Left 2.5(2.8) -17(4) 18.7(1.4) -75.8(4.8)

In addition to macrostresses, Egs. (1), (2) allow calculation of the planar components of
the phase microstresses

ot = (o)
—f“(tag — tU}").

(N
(3
As an illustration, the results of the microstresses - and y-components calculations for

the austenite and martensite phases are shown in Fig.5. This shows that the austenite phase
is in a state of tension, whilst the martensite phase exhibits a balancing compressive stress
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Fig. 5. Dependences of the microstress - and y-components (left and right graphs) in the austenite and
martensite phases, respectively, as function of radius r. Scan along y-axis was carried out twice for
each sample orientation

with the larger value being in accordance with its smaller volume fraction. The asymmetry in
the microstresses of the martensite phase between the left and right quarters of the membrane
may be attributed to crystallographic texture.

Since the plastic deformation does not occur under hydrostatic (volumetric) stress, the
deviatoric stress tensor can adequately describe the residual stress state with respect to me-
chanical loading such as fatigue cycling. The total stress tensor of a p-phase may be separated
into the hydrostatic 7, and deviatoric *7} components

tof =t + 17, 9)
where, under definition, 75, = (1/3)Tr (‘o?) and Tr(*7’) = 0. The phase hydrostatic
components 7, calculated using results of the planar total residual stresses of austenite and
martensite phases are shown in Fig.6. The results of the averaging hydrostress procedure
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Fig. 6. Radial distributions of the hydrostatic stresses in the austenite and martensite phases along the
respective load directions, as well as along a measurement direction bisecting the primary load directions

presented in Table 2 indicate practical absence of asymmetry between right and left membrane
quarters.

It is known that martensite formation during plastic deformation of an austenite matrix is
connected with volume dilatation. Since the specific volume of martensite is larger (about
2%) than that of austenite, the martensite phase is generally expected to be in hydrostatic
compression, whereas the austenite is in tension. Since the deviatoric stress tensor is a simple
difference between the total and hydrostatic stress tensors, we do not represent the result of
its calculation.

In conclusion, the main results of this work:

o The biaxial fatigue cycling of austenitic stainless steel AISI 321 was performed ex-situ
on a sample of cruciform geometry with an Instron 100 kN biaxial planar cruciform system.

e The martensite transformation of austenite steel matrix was observed during plastic
deformation.

e Neutron diffraction 2D-strain scanning and residual stresses determination for both
the austenite and martensite phases were carried out with the time-of-flight high resolution
stress-diffractometer POLDI.

e Separation of the phase total residual stresses into macro-, micro-, hydro- and deviatoric
residual stresses was possible using a phase mixture rule and a stress equilibrium approach.

The authors are grateful to the SINQ facility for the allocation of beam time at the POLDI
instrument, as well as to Prof. R. A. Winholtz from University of Missouri (USA) for the very
useful consultations. Financial support from the JINR-SA Bilateral Scientific Cooperation
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