Influence of Deformation-Induced Martensite
on Fatigue Crack Propagation in 304-Type Steels

Z. MEI and J.W. MORRIS, Ir.

This research reports an investigation into the influence of mechanically induced martensitic
transformation on the rate of fatigue crack growth in 304-type austenitic stainless steels. Two
steels of different composition, 304L and 304LN, were used to test the influence of composition;
two test temperatures, 298 and 77 K, were used to study the influence of test temperature; and
various load ratios were used to determine the influence of the mean stress. It was found that
decreasing the mechanical stability of the austenite by changing composition or lowering tem-
perature reduces the fatigue crack growth rate and increases the threshold stress intensity for
crack growth. However, this beneficial effect diminishes as the load ratio increases, even though
increasing the load ratio increases the extent of the martensite transformation. Several mecha-
nisms that may influence this behavior are discussed, including the perturbation of the crack
tip stress field, crack deflection, work hardening, and the relative brittleness of the transformed
material. The perturbation of the stress field seems to be the most important; by modifying
previous models, we develop a quantitative analysis of the crack growth rate that provides a

reasonable fit to the experimental resuits.

1. INTRODUCTION

MANY common austenitic stainless steels are mechan-
ically metastable at low temperature and undergo spon-
taneous transformations when subjected to sufficient stress
or strain. The martensitic transformation causes a shape
deformation that is evidenced by surface relief effects!!
and a volume change that is dependent on the compo-
sition and is =2 pct in 304-type stainless steels.!> The
strain that occurs ahead of the crack tip during fatigue
crack growth in a metastable material induces a partial
transformation to martensite, which alters both the
microstructure and the stress state at the crack tip, and
should, therefore, change the fatigue crack growth rate.
It is necessary to understand these changes to design re-
liable engineering structures and to design or select
structural steels with suitable fatigue resistance.

While there have been many research studies on the
influence of the mechanically induced martensitic trans-
formation on tensile properties, there is relatively little
prior work that addresses its effect on fatigue crack prop-
agation. The bulk of the relevant work!*-12) suggests that
the martensitic transformation decreases the crack growth
rate. With the exception of Reference 11, however, the
fatigue crack growth measurements were confined to the
Paris, or power law, region of crack growth. The micro-
structural mechanisms are not understood. The present
research was undertaken to clarify the mechanisms of
fatigue crack propagation in metastable austenitic steels.
The research included studies of the fatigue crack growth
in both the Paris and near-threshold regions in 304-type
stainless steels as a function of composition, tempera-
ture, and load ratio.
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II. EXPERIMENTAL PROCEDURE
A. Materials

The materials used in this study were commercial grade
AISI 304L and 304LN stainless steels. Their chemical
compositions are listed in Table 1. They differ primarily
in nitrogen content, which is higher in 304LN. Increas-
ing nitrogen raises the yield strength at low temperature
(Table II) and stabilizes the austenite phase. Plates of
304L stainless steel were processed in two different ways.
The basic material was annealed at 1050 °C for 1 hour,
followed by a water quench to create a homogeneous
austenite phase. Some of the plates were then rolled 13 pct
at liquid nitrogen temperature (LNT) to form a two-phase
mixture of austenite and martensite. Plates of 304LN were
used in the as-received (annealed and quenched) con-
dition. The average grain sizes of 304L and 304LN were
100 and 70 um, respectively. Optical micrographs of the
annealed 304L and cold-rolled 304L are shown in
Figure 1. X-ray diffraction tests confirmed that the an-
nealed 304L and as-received 304LN were essentially pure
austenite (y), while the cold-rolled 304L was about 50 pct
austenite and 50 pct martensite (a’) with a small ad-
mixture of the hexagonal close-packed e-martensite phase.
The tensile properties of the annealed and as-received
304LN were measured and are listed in Table I1.!*#

The martensite start temperatures on cooling (M,) and
deformation (M) were estimated from the empirical for-
mulas given in References 13 and 14 and are: for 304LN,
M, < 0K, M,; <255 K and, for 304L, M, <38 K, M, <
299 K. The thermal stability of the annealed 304L steel
was confirmed by soaking in liquid helium for more than
2 hours; no a’ or & martensite was detected by X-ray
diffraction. The volume fractions of martensite devel-
oped during tensile strain at room temperature (RT) and
LNT were measured as a function of strain by X-ray
diffraction.!"” The results are plotted in Figure 2. De-
spite the similarity of the computed M, temperatures, the
austenite phase in 304L is very much less stable on me-
chanical deformation than that in 304LN.
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Table I. Chemical Composition (Weight Percent) of 304L and 304LN Stainless Steels
Fe Cr Ni Mn P S Si C N
304L bal. 18.7 8.64 1.63 0.021 0.010 0.51 0.024 0.074
304LN bal. 18.54 9.55 1.77 0.014 0.009 0.78 0.021 0.139
Table II. Tensile Properties of 304L and 304LN Stainless Steels
Testing Yield Ultimate
Temperature Strength Tensile Strength Elongation
Materials (K) o, (MPa) o, (MPa) a./o, (Pct)
304L 298 294 658 2.2 85.5
77 433 1524 3.5 48.1
304LN 298 341 643 1.89 71.7
77 724 1476 2.0 51.3
80 T T T T T T T
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Fig. 1—Microstructures of (a) annealed 304L stainless steel and

(b) annealed 304L after rolling 13 pct at LNT, showing the deformation-
induced a’ martensite.

B. Fatigue Crack Propagation

Fatigue crack propagation rates were measured ac-
cording to the procedures recommended in References 15
and 16. The samples were 12.7-mm- and 25.4-mm-thick
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Fig. 2— Relation between the volume fraction of induced martensite,
as determined by X-ray diffraction measurement,"? and the tensile
strain for annealed 304L and as-received 304LN stainless steels.

compact tension specimens of the geometry and size
suggested by ASTM standard E647-83.U5) The fatigue
crack plane lay in the longitudinal-transverse orientation.
The specimens were tested under load control in a hy-
draulic testing machine with a compression tube frame,
using a sine-wave load form and a frequency of 10 to
30 Hz. The cyclic stress intensity (AK) was calculated
from the crack length and cyclic load as suggested by
the ASTM standard.™™ The crack length was monitored
continuously using the direct-current electrical potential
method."®!”! The crack length was recorded as a func-
tion of cycle number on a strip chart recorder, and the
fatigue crack growth rate, da/dN, was determined from
the slope of the curve. Fatigue crack growth was mon-
jtored over a range of growth rates from 107" to 107° m/
cycle to sample both the near-threshold and Paris re-
gions. The near-threshold crack growth rates were mea-
sured under decreasing AK conditions (the “load shedding”
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method),!'®'® using a stepwise decrement in AK of less
than 7 pct per step. At each load level, the crack was
allowed to propagate for a distance at least 3 times the
computed maximum radius of the plastic zone formed at
the previous load level. After establishing the threshold,
the load was increased stepwise, and da/dN values were
recorded until the specimen sustained general yield. The
RT fatigue tests were done in air at about 298 K;
the tests at LNT (77 K) were done by immersing
the compression tube and specimen in a 25-L Dewar
filled with liquid nitrogen.

The extent of crack closure during fatigue crack growth
was monitored continuously using the back face strain
gage technique.!""?" In this technique, a strain gage is
mounted on the back face of the specimen, and the clo-
sure stress intensity, which represents the macroscopic
contact of the fracture surfaces during unloading, is de-
termined from the load at which the elastic compliance
curve first deviates from linearity.

C. Optical Microscopy

The deformation-induced martensite around the fa-
tigue crack was observed after the fatigue test by optical
microscopy on samples that were sectioned perpendic-
ular to the crack plane at center thickness. Tests showed
that no martensite was induced during grinding or pol-
ishing. Two methods were used to reveal the martensite:
(1) chemical etching in a solution of 15 ml HNO;, 45 ml
HCl, and 20 ml methanol for about 1 minute, which re-
veals the grain boundaries and interfaces between mar-
tensite and austenite, and (2) painting the surface with
ferrofluid,?'?2 which highlights the magnetic a’' mar-
tensite in the paramagnetic austenite matrix. While all
of the optical metallography was done at RT, there was
no evidence of martensite reversion during heating from
77 K, and none is believed to occur.?3

D. X-Ray Diffraction and Scanning
Electron Microscopy

The fatigue fracture surfaces of the specimens were
studied under a scanning electron microscope. The -,
a'-, and g-phase fractions in the material near the frac-
ture surface were measured by X-ray diffraction. The
relative volume fractions of the three phases were de-
termined by comparing the integrated intensities of the
(200),, (200),, and (10.1), peaks.

III. RESULTS
A. Fatigue Crack Propagation

To explore the influence of the martensite transfor-
mation on the fatigue crack growth rate, the extent of
transformation during fatigue was varied in three differ-
ent ways: (1) by changing the chemical composition from
that of 304L to that of 304LN, (2) by lowering the tem-
perature from RT to LNT, and (3) by varying the load
ratio. The consequences of these three changes are the
following.

1. Chemical composition
The measured crack growth rates of 304L and 304LN
at 298 and 77 K for the load ratio R = 0.05 are plotted

METALLURGICAL TRANSACTIONS A

in Figures 3(a) and (b), respectively. The fatigue crack
growth rates of the two alloys are very nearly the same
at RT. However, at 77 K, the crack growth rate of
304L is 10 times slower than that of 304LN at AK =
10 MPaVm and is 4 times slower at AK = 50
MPaVm. These results correlate directly with the extent
of martensitic transformation in the two alloys. Metallo-
graphic studies of the fatigue crack profiles show that at
RT, both 304L and 304LN remain essentially austenitic
at the crack tip as AK is varied from 3 to 40 MPaV/m.
Hence, the fatigue crack growth rate at RT is not sig-
nificantly affected by martensitic transformation in either
alloy. The fatigue crack growth rates are similar despite
differences in the static mechanical properties of the two
alloys (Table II). At 77 K, on the other hand, 304L
transforms substantially in the strain field at the growing
crack tip while 304LN only transforms slightly and only
at the higher values of AK. As shown in Figure 4(a),
very little martensite appears near a fatigue crack in 304LN
that grows at AK values as high as 15 MPa\/m. How-
ever, as shown in Figure 4(b), martensite coats a grow-
ing crack in 304L even when AK approaches AK,,, and
a broad region of extensive transformation is present when
AK is greater than about 20 MPaV/m. The fatigue crack
growth rate decreases significantly when the chemical
composition is changed to promote deformation-induced
martensite.

The fatigue crack growth rates of 304L. and 304LN at
77 K at a higher load ratio (R = 0.5) are compared in
Figure 3(c). The crack growth rate is, again, signifi-
cantly slower in 304L. The decrease is less at R = 0.5
than at R = 0.05 (¢f. Figures 3(c) and (a)). However,
the difference in the degree of martensitic transformation
is greater. Increasing the load ratio from R = 0.05 to
R = 0.5 for given AK results in a larger transformation
zone with denser martensite in 304L (Figure 9(a)), while
about the same degree of transformation occurs in 304L.N.

2. Temperature

Figure 3(d) illustrates the effect of decreasing the test
temperature on the fatigne crack growth rate in the two
metastable steels. The fatigue crack growth rate of 304L
at RT, where the austenite phase is stable, is signifi-
cantly greater than that at LNT, where the alloy under-
goes extensive transformation. On the other hand,
Figure 3(e) shows that the fatigue crack growth rate in
304LN is relatively insensitive to temperature at lower
AK values where the transformation is insignificant at
both test temperatures. Again, the martensitic transfor-
mation reduces the fatigue crack growth rate.

3. Load ratio

The influence of the load ratio on the fatigue crack
growth rate at 77 K is illustrated in Figures 3(f) and (g).
The plot shows that as the load ratio, R, increases from
0.05 to 0.5 (representing a 1.9 times increase in K, for
given AK), the fatigue crack growth rate curve shifts
sharply to the left for the unstable alloy, 304L., but is
essentially unchanged for 304LN except at very high AKX,
where some transformation occurs. This result is in
agreement with prior work!? which measured an in-
crease in the fatigue crack growth rate of 304L by a fac-
tor of 18 as R increased from 0.1 to 0.75 at 77 K.

An increase in the fatigue crack growth rate with the
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Fig. 3— Crack growth rates as a function of cyclic stress intensity for (a) 304L and 304LN austenitic stainless steels tested at RT with load ratio
(R) 0.05; (b) 304L and 304LN steels tested at LNT with load ratio 0.05; (¢) 304L and 304LN steels tested at LNT with load ratio 0.5; (d) 304L
steel tested at RT and LNT with load ratio 0.05; (e) 304LN steel tested at RT and LNT with load ratio 0.05; (f) 304L steel tested at LNT with
load ratio varying from 0.05 to 0.5; and (g) 304LN steel tested at LNT with load ratio varying from 0.05 to 0.5.

load ratio is a common phenomenon, but the effect is
usually small. Figure S contains a plot of data drawn from
the literature on the fatigue crack growth rates of aus-
tenitic steels. The fatigue crack growth rate at given R
is normalized by dividing it by the growth rate at R =
0.1; the value is approximately the same for all AK in
the linear, Paris law region of the crack growth curve.
In all cases, the fatigue crack growth rate increases with
R but by an amount that is significantly greater under
conditions where the austenite is relatively unstable. These
results suggest that the martensitic transformation
exaggerates the load-ratio effect.

The abnormally large R-ratio effect in metastable aus-
tenitic steels is surprising since the extent of the mar-
tensitic transformation increases with R at given AK. The
composition and temperature results suggest that the crack
growth rate should decrease with the extent of the mar-
tensite transformation. Taken together, the results sug-
gest that the reduction in the crack growth rate due to
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the transformation depends on the load ratio; that is, high
tensile mean stress lessens and gven eliminates the effect
of the transformation. Figure 6 includes all of the crack
growth rate data taken in research to date. It shows that
as the R ratio increases, the crack growth rate of 304L
at 77 K approaches that of 304LN and that of 304L at
RT where the alloy is stable.

B. Crack Closure

Crack closure during the fatigue cycle was measured
using the back face strain gage technique described above.
The results are plotted in Figure 7. Crack closure was
only observed by this technique in the near-threshold re-
gion and only when the alloy transformed extensively at
the crack tip. Closure occurred in the near-threshold re-
gion of both annealed and cold-rolled 304L at LNT but
was not observed for annealed or cold-rolled 304L at RT
or for 304LN at either temperature. The results are con-
sistent with the suggestion by Suresh and Ritchie!*®! that
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Fig. 3 Cont— Crack growth rates as a function of cyclic stress intensity for (a) 304L and 304LN austenitic stainless steels tested at RT with load
ratio (R) 0.05; (b) 304L. and 304LN steels tested at LNT with load ratio 0.05; (¢) 304L and 304LN steels tested at LNT with load ratio 0.5;
(d) 304L steel tested at RT and LNT with load ratio 0.05; (e) 304LN steel tested at RT and LNT with load ratio 0.05; (f) 304L steel tested at
LNT with load ratio varying from 0.05 to 0.5; and (g) 304LN steel tested at LNT with load ratio varying from 0.05 to 0.5.

martensite transformation on the mating surfaces induces
crack closure near the threshold. On the other hand, the
observed crack closure cannot explain the decreased fa-
tigue crack growth rates at higher AK.

C. Martensite Transformation around the
Fatigue Crack

There are two possible martensitic transformation
products in the Fe-Ni-Cr alloy system: the a' body-
centered cubic or body-centered tetragonal and & hexa-
gonal close-packed phases. The y — «' transformation
involves a 2 pct volume expansion, while the y~— ¢
transformation occurs at nearly constant volume in
304-type alloys. Since both the vy and ¢ phases are par-
amagnetic, magnetic etching reveals only the ferro-
magnetic a’ phase. Figure 8 shows the distribution of
«' around a fatigue crack. No evidence of ¢ martensite
was found in the X-ray diffraction patterns.

To compare the extent of transformation, the “mar-
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tensite zone size” was arbitrarily defined to be the dis-
tance from the crack surface at which a 10 pct martensite
transformation occurred. The measurements were made
on etched cross sections and, hence, are somewhat im-
precise but do show consistent trends. The data for an-
nealed 304L tested at LNT are plotted in Figures 9(a)
and (b) as functions of AK and K, respectively. Since
the transformation is driven by the strain, which varies
roughly as K/\/r near the crack tip, we had expected
that the transformation zone size, 8, would be propor-
tional to K ... Figure 9(b) shows that this is not the case.
Nor is & a unique function of AK. However, the curves
in Figure 9(a) are well fit by an expression of the form

8=A(AK — C)? (1]

where A and C are constants whose values change with
R (or, equivalently, with K .,). Equation [1] implies that
there is a threshold value of the cyclic stress intensity
for the transformation.
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Fig. 4— Optical micrographs of the fatigue crack profiles in (a) 304LN stainless steel (b) 304L stainless steel tested at LNT, R = 0.05, showing
deformation-induced martensite. The cyclic stress intensity, AK, and the estimated maximum plastic zone size, [1/(2)] (K man/0,), are also
indicated. The magnification of each of the upper micrographs is (a) 4 times and (b) 2 times that of the central micrograph, which has a total
length of about 9.5 mm.
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D. Fractography

The fatigue crack is transgranular for all conditions
studied, as illustrated by the fatigue crack profiles in
Figures 4(a) and (b). The fatigue fracture surfaces of 304L
(Figure 10(a)) and 304N (Figure 10(b)) tested at 298 K
suggest that significant plastic deformation occurs during
fracture. On the other hand, the fatigue surfaces of 304LN
(Figure 10(c)) and 304L (Figure 10(d)) tested at LNT
contain flat features that resemble quasi-cleavage. The
ridges that represent plastic deformation start from the
grain boundaries in Figure 10(d), while the anneal twin
boundaries in Figure 10(e) do not interrupt the ridges.
Recalling the shape of the mechanically induced o' shown
in Figures 4(a) and (b), a' features can be identified on
the fatigue surfaces in Figures 10(c) and (d). Figure 10(f)
shows the form of «' on the fatigue surface of 304L
tested at high AK and high load ratio where extensive
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Fig. 7—(a) Stress intensity at crack closure, K, normalized by the
maximum stress intensity, X,.., and (b} X, plotted as functions of
the cyclic stress intensity.

Fig. 8-—Optical micrograph of the fatigue crack profile of 304L aus-
tenitic stainless steel tested at LNT at AK = 25 MPa\/m. The sample
was covered with a thin layer of ferrofluid; 100 A magnetic particles
highlight the magnetic ¢’ martensite.

transformation occurs. It is interesting to notice that the
a' on the fracture surface appears as if it were deformed
in compression, which suggests the possibility of a
microscopic crack closure that is not detected by the back
face strain gage technique.
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Fig. 9—Metallographically determined martensite zone sizes around
fatigue cracks in 304L tested at 77 K at three load ratios (R). The
sizes are plotted as functions of (a) cyclic intensity (AK) and
(b) maximum stress intensity (K .,)-

IV. DISCUSSION

Figure 6 includes all of the fatigue crack propagation
test data. Two conclusions can be drawn. First, the
deformation-induced martensitic transformation in-
creases fatigue resistance. The threshold stress intensity
increases, and the fatigue crack growth rate decreases for
all AK. Second, the beneficial effect of the transfor-
mation decreases as the load ratio increases.

A number of mechanisms have been proposed that may
contribute to the influence of the martensite transfor-
mation on crack growth. These include the incremental
strain added by the transformation at the crack tip, the
influence of the transformation and the resulting dual-
phase microstructure on the crack path, the influence of
the transformation on the aggregate mechanical proper-
ties of the material at the crack tip, and the influence of
the transformation on the fracture mode. We discuss the
available models that represent these effects in turn.
Among these effects, the transformation strain appears
to be the most important.
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A. Influence of the Martensite Transformation on the
Crack Tip Stress Field

The most obvious mechanism that influences crack
growth in metastable austenitic steels is the perturbation
of the crack tip stress field by the strain associated with
the transformation. The y — &’ transformation in 304-type
steels involves both an ~2 pct volume expansion?3! and
an ~10 pct shear strain.!* The influence of the volume
expanston is the simpler to treat and is analyzed in recent
works by McMeeking and EvansP® and Budiansky
et al.®"! The influence of the shear component is much
more difficult to analyze. The beginnings of a quanti-
tative analysis appear in recent work by Lambropoulos.*?

1. Volume expansion

The constraint of the surrounding elastic material on
a dilatant transformed region places that region under
compression. If a volume of material that is subjected to
a remote cyclic tensile load of amplitude (P — Poin)
undergoes transformation, both P, and P, are reduced
by the associated compressive stress. If P, is large and
tensile, the compressive stress does not change the am-
plitude of the tensile cycle because both P,,, and P,
are reduced by the same amount, but the load ratio changes
from (Pmin/Pmax) to ([Pmin - A]/[I)max - A])7 where A
is the reduction of the tension load by the compressive
stress. If P, is a small positive number, it may be re-
duced to a negative value, in which case the amplitude
of the tensile cycle is (P, — A) and the load ratio is
zero. Since the crack growth rate depends primarily on
the amplitude of the tensile cycle and only secondarily
on the load ratio, the reduction of the amplitude and load
ratio by the compressive stress slows the rate of crack
propagation. This effect is qualitatively capable of ex-
plaining the influence of the transformation on the crack
growth rate: the compressive stress reduces the crack
growth rate, but the effect is less pronounced as the load
ratio increases, since a higher R ratio means a higher
value of P, and a smaller effect on the amplitude of
the tensile cycle.

The influence of the volume expansion on the stress
field and stress intensity factor is analyzed below in an
attempt to quantify its influence on the fatigue crack
growth rate. To do this, we must modify previous anal-
yses of the effect.l’%3!!

a. The stress field

Let a dilatant cylindrical martensite particle be in-
serted into an infinitely large elastic body. The stress
field outside the cylinder can be calculated by modifying
the Lamé solution for a thick-walled tube subjected to
an internal pressure,**!

R,/r 21
= ((Ro//Ri)f -1
R/ [2]
70T T RRY ~ 1
ge=0

where R, is the outside radius and R; the inside radius.
When the ratio R,/R; increases without bound,
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Fig. 10— Scanning electron micrographs of the fatigue fracture surfaces of (a) 304LN at 298 K with R = 0.05 and AK = 33 MPaV/m, (b) 304L
at 298 K with R = 0.05 and AK = 20 MPa\/m, (c) 304LN at 77 K with R = 0.05 and AK = 7 MPaVm, (d) 304L at 77 K with R = 0.5 and
AK = § MPaVm, (¢) 304L at 77 K with R = 0.5 and AK = 6.5 MPa\V/m, and (f) 304L at 77 K with R = 0.5 and AK = 18 MPaVm.
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L’Hospital’s rule gives the two-dimensional (2-D) stress
field outside the particle as

2 2
R; R;
Oy = —-P|— Oge = Pl — [3]
r r

The stress field inside the cylinder is constant and
hydrostatic

0, =04 =—P=—aBg” (4]

where &7 is the volumetric strain of the martensitic trans-
formation, B is the bulk elastic modulus of the martens-
itic particle, and « is a parameter, 0 < a = 1, whose
value depends on the relative stiffness of the particle and
the matrix. If the matrix is much stiffer than the mar-

tensite particle, & = 1; while in the other extreme, a = 0.

If such a cylindrical martensite particle forms directly
in front of a growing crack, the driving force for the
crack extension is the opening stress, g, It follows from
Eq. [3] that as the crack approaches the particle, it is
subject to a tensile stress that varies as r~2 and adds to
the cyclic stress at the crack tip due to the macroscopic
load. The crack does not experience the compressive field
of the martensite transformation until it actually pene-
trates the particle.

b. The stress intensity factor

The stress field at the tip of a crack in a body under
an external tensile load is characterized by the mode I
stress intensity factor, K;. The transformation stress, ggq,
changes K. The amount of the change, K, can be found
by calculating the stress intensity factor due to o,y alone
and applying the superposition principle. Given the stress
field, oglr,0], K, can be found, as proposed in
Reference 34, by evaluating an integral of the K| solu-
tion for a pair of concentrated splitting forces on the crack
surface. However, the shape of the transformed zone in
front of the crack is not simple, and the stress field is
difficult to find.

An alternative method for finding K, was recently
proposed by McMeeking and Evans,*” who used the
Eshelby cycle®! to find the transformation stress and
employed a weight function method!®% to evaluate the
change in stress intensity. In the Eshelby method, the
stress and strain fields introduced by a dilatation of mag-
nitude, &7, are calculated by summing the fields intro-
duced in a sequence of steps that leads to the final state
of the elastic inclusion. A region of the material is cut
out and removed from the matrix and then given a vol-
umetric strain, €7, This strain is reversed by imposing a
surface traction, T (r, §) = —n(r, §)Ce", where C is the
elastic matrix of the martensite product and n(r, ) is the
outward surface normal. The transformed material is then
put back to the matrix and rewelded. Since the material
inside the transformed region is under the stress, —Ce’,
it relaxes against the unstressed matrix. The relaxation
is accomplished by applying a traction, T(r,8) =
—TJ(r, 0), to the boundary of the particle, since the
interface has no traction in its final state. Hence, the
stress intensity factor generated by the transformation is
equivalent to that generated by a traction, T(r, 8), on the
boundary of the transformed region. Using the weight
function method, the stress intensity factor can be cal-
culated by evaluating the line integral of the scalar prod-

3146 — VOLUME 21A, DECEMBER 1990

uct of T(r, 8) and the vectorial weight function h(r, 8)
along the transformed region boundary, S,

AK, = f T(r,0) -h(r,0)dl [5]
s

The weight function, h(r, 8), is a measure of the con-
tribution of a unit traction at (r, 8) to the stress intensity
factor of an elastic crack.

If the y — «' transformation is a pure volume expan-
sion, T(r, 8) is equal to [n(r, #)B&"]. The solution of
h(r, 6) for a 2-D infinite solid with a half plane crack
was provided in Reference 36:

\ 1 [0(2 1+,0_39>7
x - T — ——COS | Vv — sin — Sin —
2V2ar(1 — v) 2 2 2/

(6]
h =—-1—sin [g<2—2v—cosgc053—9>
N 2mr -v) |2 272/
[71

where v is Poisson’s ratio. The boundary § varies as the
crack extends, since fresh material is transformed in the
propagating crack tip stress field. McMeeking and
Evans®® assumed that the transformation is driven by
the hydrostatic stress and, hence, that the boundary of
the transformed zone is a contour of constant pressure:

8w ) (0) 18]
r = ——COS -
3\V3 2

where w is a measure of the width of the contour, taken
to be one-half the zone width. Their result for K, is
plotted along with the computed zone shape in Figure 11;
the stress intensity factor is reduced by an amount, —K,,,
that is zero prior to crack extension, then increases and
saturates as the crack enters into the zone. Its asymptotic
value is

E

Ky = —0.22[ ]V,WET =-0.33PVw [9]

1—v

where V; is the fraction of martensite in the zone, E is
Young’s modulus, » is Poisson’s ratio (approximated as
1/3), and P is the transformation pressure, equal to BV, ¢,
where B is the bulk modulus.

While Eq. [9] has apparently been used with some
success to treat transformation toughening in ceramics,
specific calculation shows that the magnitude of K, is
too small to account for the effects observed in the pres-
ent work. We therefore modified the McMeeking-Evans
solution in two respects that are indicated by the detailed
state of the material at the growing crack tip.

2. Zone shape

The martensite zone shape assumed by McMeeking
and Evans is determined by a contour of constant hydro-
static stress. However, the y — a' transformation in 304
stainless steels involves a greater shear strain (~10 pct®)
than volume expansion (~2 pct®>?*!) and, hence, should
be more strongly affected by the local shear stress. This
is true even when the overall transformation stress is nearly
hydrostatic; the formation of a sheared martensite plate
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Fig. 11 —(a) Assumed transformation zone shapes prior to crack
propagation: constant hydrostatic stress contour and equivalent
stress contour. (b) Predicted crack growth resistance (R) curves for
the two initial zone shapes assuming plane strain and Poisson’s ratio,
v=1/3.

promotes the local formation of others in twinned ori-
entation that tend to cancel the overall shear. None-
theless, it seems reasonable to assume that the initial
transformation, which triggers the process, is determined
more by the local shear than by the local hydrostatic stress.
This phenomenon is strikingly evident in computer sim-
ulations of the stress-induced martensite transforma-
tion®” and is consistent with observations of the martensite
zone shape in this and other work®-*! which show trans-
formation zones that follow shear stress contours much
more closely than hydrostatic stress contours.

Using the von Mises measure of shear stress for the
plane strain condition,

where c(») is a factor that fixes the width, w, of the
contour. The shapes of the constant hydrostatic stress
and constant equivalent stress contours are sketched in
Figure 11(a).

The integral (Eq. [5]) can be solved numerically for
K., as a function of the crack extension for a transfor-
mation zone that has the shape given by Eq. [11]. The
result is given in Figure 11(b) and shows that a trans-
formation governed by the equivalent shear stress is more
effective in reducing the stress intensity factor than a
transformation driven by the hydrostatic stress. More-
over, K., is not zero at the beginning of crack growth.
The asymptotic value for the plane strain condition with
v=1/31is

Ky = —0.5PVw (12]

which is more than a 50 pct greater reduction than in the
hydrostatic case.

The reason that the shear-controlled transformation is
more effective in reducing the stress intensity becomes
apparent when the integral (Eq. [5]) is re-expressed as
an integral over the area, A, enclosed by the contour, S,%

Kian = j Be'n(r,6)-h(r,0)dl = f BV -h(r, 9) ds
)

A

f Ee" e [30] p
= pmyee——— Cos | — A)
A 0V2m(l — v) 2
(13]

The integrand in Eq. [13] gives the contribution to K,
from a transformed particle located at (r, 6). Because of
the factor, cos (36/2), in the integrand, transformed par-
ticles that are located in a wedge-shaped region in front
of the crack (—60 deg < @ < 60 deg) increase K,,, while
particles located outside this region decrease it. When
the transformation occurs within a contour of constant
shear, a much higher fraction of the transformed region
lies in the zone that decreases the stress intensity than
when the transformation follows a contour of constant
pressure.

Other investigators®>4*% have used the weight func-
tion technique to compute stress-intensity corrections for
transformed zones of still other shapes, such as a shear
band profile, maximum principal stress contour, relaxed
shear front, and other complicated contours. However,
in brittle ceramic materials, the experimentally observed
zone shape apparently resembles the hydrostatic stress
contour most closely,!® while in the 304-type stainless
steel, the zone shape is given reasonably well by a con-
stant equivalent stress contour.

1 ,
T= 5 [(00 — 03,)° + (0, —

A contour of constant equivalent shear is specified by
the relation

r = we(v) cos’ (g) [3 sin’ (g) +(1 - 2V)2] [11]
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0..) + (0, — 0.) + 67,] [10]

3. Martensite distribution

The calculations leading to Eqs. [9] and [12] assume
that the transformation is homogeneous over the region
in which it occurs: the transformed fraction is equal to
V; everywhere inside the transformed zone and is zero
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outside. In reality, the fraction transformed varies con-
tinuously with distance from the crack surface; as shown
in Figure 4, for example, the fraction of martensite is
high at the crack surface and decreases significantly with
distance. It is evident from Eq. [13] that the inhomo-
geneity of the martensite distribution is important. Be-
cause of the factor r ~*? in the integrand, a transformed
particle that is close to the crack tip has a much larger
effect on the stress intensity than one that is further away.

Equation [12] can be modified to account for the in-
homogeneous martensite distribution. Assume that a zone
of width w has a martensite volume fraction, V,, at the
crack surface and let it decrease with distance, x, ac-
cording to the function, V(x), to the value, V, < V,, at
the zone boundary. To compute the change in stress in-
tensity, we imagine that the zone is created by a se-
quence of elementary transformations and use the
superposition principle. In this picture, the austenite in-
side the zone of width w transforms to the fraction Vj,
then a smaller zone of width x, transforms further to
(V(x,) — V,), a still smaller zone of width x, transforms
further to create the volume fraction (V(x,) — V(x,)),
and so on, until the whole inhomogeneous transforma-
tion is taken into account. The value of K, in each step
can be calculated from Eq. [9] or [12], and the total change
is given by the integral

dv (x)

Kuan = —CVwWV, + f CVx
o dx

where C = KBe" and K = 0.33 if Eq. [9] is used and
K = 0.5 if Eq. [12] is used. If a linear distribution is
assumed,

dx  [14]

w—=Xx
V(x) =V, + (Vi = Vo) [——] [15]
w

and Eq. [14] becomes
—-CVwV, - f CVx
0

v, -

w

Vo
Kian dx

2
-CVwV, — ECW(Vi — Vo) [16]

The value of V, is the martensite fraction at the trans-
formation zone boundary (10 pct by definition in the
present case), while the value of V; is the martensite frac-
tion at the crack surface, about 50 pct by X-ray diffrac-
tion measurement. The distribution of martensite can have
a significant effect. For the conditions stated, K, is about
25 pct larger than it would be if the martensite fraction
were homogeneous and equal to its average value.

Given the assumption of a shear-controlled transfor-
mation and a linear transformation profile, K, can be
calculated if the transformation zone width, w, is known.
In the present work, we found the zone width experi-
mentally for 304L at 77 K for three values of the load
ratio. The results are plotted as a function of AK in
Figure 9. After the fatigue tests, transformation zone sizes
were measured by optical microscope as a function of
AK (Figure 9). It was found that the three sets of data
in Figure 9(a) could be fit by a relation of the form

w = A(AK — C)? [17]
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where the values of A and C depend on the load ratio,
R. Substituting this result into Eq. [16] yields K, as a
function of AK. The resulting values of K., are plotted
in Figure 12, along with the values of K ,, and K ;,.
As shown in Figure 12, the magnitude of K, in-
creases with AK, essentially because a higher AK causes
a more extensive transformation. On the other hand, the
stress intensity at crack closure, K, that is measured by
the back face strain gage is nearly independent of AK.
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Fig. 12— The reduction of stress intensity factor, —K .., is calculated
from Eq. [12] and the transformation zone size plotted in Fig. 9(a)
and plotted against the cyclic stress intensity (AK') for 304L tested at
77 K for load ratios (R) of (a) 0.05, (b) 0.3, and (¢) 0.5. The max-
imum and minimum stress intensity factors are also plotted for
comparison.
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These results are superficially inconsistent, since the crack
should close at its tip when K = |K,,|, but closure is
not observed until the stress intensity reaches the value
K = K, which is greater than |K,,,] when AK is near
the threshold but is much smaller at larger values of AK.
It does not seem reasonable that the discrepancy is sim-
ply due to the approximations in the calculation of |K s
however the transformation effect is calculated, the in-
creased martensite fraction should lead to a higher value
of |K,,| and, hence, to earlier crack tip stress relaxation
at higher AK. We suspect that the discrepancy (and the
relatively constant value of K.) is due to the fact that the
back face strain gage measures a qualitatively different
phenomenon: the macroscopic closure of the crack over
a length sufficient to produce a measurable increase in
the modulus. The effect of K,,, on the other hand, is
local and specific to the crack tip itself; when K = |K |,
only the very tip of the crack is relaxed. The macro-
scopic closure, K, reflects a number of phenomena, such
as the crack roughness; the transformation may not de-
termine its value. On the other hand, the relaxation at
the crack tip itself is determined by K., and can induce
closure at the crack tip, essentially removing the driving
force for crack growth, even when the crack remains open
in a more mMacroscopic sense.

From this perspective, the effective cyclic stress in-
tensity, AK, is limited by the larger of three terms: the
minimum stress intensity, K, the stress intensity for
macroscopic closure, K., and the transformation stress
intensity, |Kyu|. If K is the largest of the three, the
crack never closes. If K, is the largest, the lips of the
crack touch, possibly at a position slightly away from
the crack tip, and relax the crack tip stress concentration.
If |K | is the largest, the stress intensity is relaxed lo-
cally at the crack tip. The cyclic stress intensity that should
be used in the crack growth law is, then,

AI<eff = Kmax - max{Kmim Kc’ thran|} [18]

To test this hypothesis, the fatigue crack growth curves
given in Figures 3(f) are replotted to show the fatigue
crack growth rate as a function of the effective stress
intensity (AK ) in Figure 13. While the curves do not
completely coalesce, they agree much more closely with
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Fig. 13— Crack growth rate as a function of the effective cyclic stress
intensity for 304L tested at 77 K at three levels of the load ratio.

METALLURGICAL TRANSACTIONS A

one another. Since AK,g is determined by K,,,, whose
value is known only approximately, over most of the
range plotted, the agreement seems reasonably good.

We note finally that the above calculation is based on
the linear elastic theory and becomes inaccurate when
there is substantial deformation at the crack tip. An es-
timate of transformation toughening based on J-integral
methods has been reported recently®®? and may eventu-
ally provide a more accurate analysis for ductile metals.
However, it is not straightforward to modify this ap-
proach to treat fatigue crack propagation. So long as the
transformation zone size is much smaller than the crack
length and specimen geometry sizes, as it ordinarily is
in fatigue and is in the specific case studied here, the
stress intensity factor calculation should be valid.

4. Shear strain

The calculation that is made above considers only the
volume expansion term in the martensite transformation
strain. The shear strain in the transformation should also
reduce the stress intensity at the crack tip. Unfortu-
nately, this effect is very difficult to estimate quantita-
tively. The formation of a martensite particle in a particular
variant tends to trigger the formation of adjacent parti-
cles in variants with compensating shears. Only the net
shear affects the overall strain field. The beginnings of
an analysis of this effect were made by Lambropoulos, !
who assumed that the locations and fractions of the dif-
ferent variants of martensite adjust to eliminate the de-
viatoric component of the macroscopic stress. He was
then able to estimate a net value for the transformation
strain from this assumption, with the additional approx-
imation that the martensite particles are ellipsoid, so that
Eshelby’s solution for the elastic field®! could be em-
ployed. The validity of the assumptions made in this
analysis is not at all clear, and the results of the calcu-
lation for K,,, are very sensitive to the assumed orien-
tation of the martensite particles. However, he concludes
that the effect of the shear can be large; K,,,,, due to the
shear strain, can be double that due to volume expansion
alone.

Since the particle orientation in our fatigue experi-
ments was not regular, it is not clear how to apply his
results to our case, and we did not attempt to do so.
Nonetheless, we are continuing to investigate the influ-
ence of the shear strain.

B. Other Mechanisms

Metallurgical effects, besides the perturbation of the
crack tip stress, may also influence fatigue crack growth
in a material that undergoes transformation. The follow-
ing were specifically investigated.

1. Dual-phase microstructure

The transformation at the crack tip creates a y + a’
dual-phase structure and therefore changes the inherent
crack growth resistance of the material ahead of the crack
tip. To test this effect, a y + a’ structure (Figure 1(b))
was produced artificially by cold rolling and tested in
fatigue. The results are compared to those for annealed
304L and 304LN in Figure 14. The extent of additional
transformation was monitored; it is negligible at RT and
small at 77 K. The results of crack closure measure-
ments for the dual-phase specimen are shown in Figure 7.
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Fig. 14—Crack growth rate as a function of cyclic stress intensity
for cold-rolled 304L, annealed 304L, and as-received 304LN austen-
itic stainless steels tested with load ratio (R) 0.05 at (@) RT and (b) LNT.

The dual-phase specimen exhibits a fatigue crack growth
rate in the Paris region that is close to that in stable aus-
tenite, in agreement with previous results that suggest
that crack growth rates in the Paris region are relatively
insensitive to the microstructure.**#% The threshold be-
havior is affected, as is expected from the change in the
stress intensity for crack closure. The fatigue crack growth
rate in the dual-phase microstructure is greater than that
in metastable (y) 304L at 77 K, which provides further
evidence that the decreased crack growth rate in 304L
at 77 K is specifically due to the concurrent martensite
transformation.

2. Crack deflection

As shown in Figure 15, the crack tends to extend be-
tween the martensite laths when material in front of it
has transformed extensively. This tendency produces a
wavy, zigzag crack path. It has been established in the
literature that a crack under a K loading advances with
a slower speed along a zigzag path than along a flat path.
This is because (a) the crack moves through a longer dis-
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Fig. 15— Optical micrograph of a crack that propagated in an exten-
sively transformed area, showing that a tendency for crack extension
between martensite laths produces a zigzag crack path.

e

tance along a zigzag path than along a flat path for the
same projected length and (b) the externally applied ten-
sile opening loading (K) changes to the tensile opening
plus sliding loading (k, + k,) near the crack tip if the
crack deviates from the direction normal to the loading
axis. The two effects can be evaluated quantitatively on
the basis of the model given in Reference 41.

Let da/dN and (da/dN), represent the respective crack
growth rates with and without deflection, and let ¢ de-
note the angle of deflection from the normal direction to
the loading axis. The reduction of crack growth rate due
to effect (a) is given in Reference 41 as

e 2 ’
dn—cos¢ dn, [19]

The local stress intensities, &; and k., of a deflected crack
can be expressed as functions of the mode I and II stress
intensities due to the external load, K; and Kp,#>*3

ki = an()K; + a(d)Ky
k, = ay (@)K + an(P)Ky

The first-order solutions for the a;(¢)™* are very close
to the exact solutions®! and are

a,(¢) = cos’ (¢/2)

ay() = sin (¢/2) cos’ (¢/2) [21]
a(¢) = —3 sin (¢/2) cos’ (¢/2)

an(¢) = cos (¢/2) [1 — 3 sin’ (¢/2)]

When Ky is zero, as it is in the case of interest to us,
Eqgs. [20] become

k, = cos’ (¢/2)K1,

[20]

k; = sin (¢/2) cos’ (¢/2)K,
[22]

According to the coplanar strain energy release rate
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theory,*S! the effective driving force for the crack
propagation is

kegr = (kf + k%)l/z
= [cos® (¢/2) + sin’ (¢/2) cos* (¢/2)]'?K; [23]

The maximum value of ¢ measured in these tests was
about 30 deg; the minimum k. calculated from Eq. [23]
is 0.933K;. It is easy to see that in the case of cyclic
loading, Ak = 0.933AK,. Substituting Ak, into the
Paris law equation, we have

Z_“ = Ak = AQ.933AKY  [24]
n

For 304L steel, n is roughly equal to 3.7. Therefore, the
growth rate of a deflected crack is 0.77 (=0.933*7) times
that of a linear crack. If Eq. [19] is also taken into con-
sideration, the crack grows in its irregular path at a rate
about 0.67 times that of its growth along a linear path.

While crack deflection certainly affects the crack growth
rate in this case, the effect cannot be the major source
of the reduced crack growth. Crack deflection reduces
the growth rate, at most, 1.5 (=1/0.67) times, while the
experimental data (Figure 3) indicate that the growth rate
is reduced by at least a factor of 4 as a result of the
transformation. Moreover, the crack propagates through
the martensite particles when the transformation in front
of it is not extensive. Therefore, the crack deflection ef-
fect only applies when AK is large.

3. Work hardening

The y— o' transformation increases the effective rate
of work hardening. This effect is apparent in Table II,
which includes the ratios of the ultimate and yield
strengths. Pineau and Pelloux™ proposed that an in-
crease in work-hardening rate due to transformation would
cause a reduction in the crack growth rate. However,
there is no well-developed model that permits us to
quantify the effect.

As reviewed by McEvily,“® the proposed mechanisms
of fatigue crack propagation in the Paris region can be
divided into two sets. One set focuses on the plastic
sliding-off process at the crack tip; the other emphasizes
damage accumulation. In the first type of model, the crack
growth rate can be related to the crack tip opening dis-

placement (CTOD),
AK2] 5]
Eo,

where o, and E are the yield stress and Young’s mod-
ulus, respectively. In the damage accumulation model,
a fatigue crack grows an incremental length, Aa, if a
critical value of the accumulated plastic displacement is

reached, and

da AK*

—=C 3 [26]
dN Eo;D,

where D, is the critical plastic displacement. Neither of

these relations is experimentally verified. However, both

imply that an increase in flow stress causes a reduction
in the crack growth rate.

da
— = 0.5(CTOD) = 0.5[
dN
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The stress and strain fields at a crack tip in a material
that exhibits power law hardening (o = A¢") under K;
loading have been found™’*¥! and are

1 n/(1+n)

r

1 1/(1+n)
&; =\~ E;

r

where the matrices 2; and E; are found numerically from
the external loading, the work-hardening coefficient, n,
the crack orientation, and the elastic constants.®? Work
hardening elevates the stress at the crack tip and raises
the ratio of the maximum normal stress to equivalent
stress.”1 At the same time, work hardening makes the
strain at the crack tip more uniform. For example, in a
perfectly plastic material, the strains vary as r~!, while
in a hardenable material, the strains vary as r~"/%*"
where 0 < n < 1. The plastic zone size decreases as (n)
increases.[*7!

These analyses suggest that the crack growth rate may
vary in either direction with increasing work hardening.
Work hardening reduces the CTOD and the plastic zone
size, which should decrease the crack growth rate; on
the other hand, it enhances the stresses and the normal-to-
shear stress ratio, which increases the probability of frac-
ture by cleavage. The net effect is not clear.

4. Fracture mode transition

Finally, there is an evident transition in the local mode
of fracture when transformation intrudes in the samples
studied here. The fatigue fracture surfaces in the samples
that did not transform (Figures 10(a) and (b)) are rough
and exhibit traces of significant plastic deformation;.the
surfaces of the samples that did transform (Figures 10(c)
through (f)) are flat and show a predominant cleavage
or quasi-cleavage fracture mode. It appears that the ma-
terial becomes brittle after the transformation, which is
consistent with the behavior of fresh martensite, and
should accelerate crack propagation. The brittleness of
the fresh martensite phase may also contribute to the load
ratio effect: at low load ratios, the crack growth rate is
held down by the compressive residual stress; at high
load ratios, the extensive transformation in front of the
crack and the high static stress promote a low-energy,
brittle fracture. However, the experimental data suggest
that this effect is not quantitatively large in these steels;
the crack growth rate in the cold-rolled material that con-
tains a high fraction of martensite is similar to that in
annealed 304L, as shown in Figure 14(a).

[27]

V. CONCLUSIONS

1. The martensitic transformation that occurs at the tip
of a growing fatigue crack in metastable 304-type steels
significantly reduces the fatigue crack propagation rate
in both the threshold and Paris regions. However, the
effect decreases as the load ratio, or mean stress,
increases.

2. Several mechanisms apparently contribute to the de-
creased crack growth rate in steels that transform. The
most important is the perturbation of the stress field
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at the crack tip. By modifying previous theories of
the influence of the transformation on the crack tip
stress intensity, it is possible to obtain a theory that
provides a reasonable quantitative fit to the experi-
mental data. To improve this theory, it is necessary
to develop a good quantitative model that includes
the net shear due to the martensite transformation.
Other factors also contribute to the change in the crack
growth rate. These include crack deflection, the in-
creased work-hardening rate, and the relative brittle-
ness of the fresh martensite phase.
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