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FATIGUE CRACK TIP STRAIN RANGE MEASUREMENTS IN LOW-CARBON STEEL BY THE
STEREOIMAGING TECHNIQUE AND THEIR ALTERATION BY WATER VAPOR

Introduction

A number of factors affect the rate of propagation of a fatigue
crack at a constant value of cyclic stress intensity, one of the most
important of which is environment. Previously, Davidson and Lankford
have studied the effect of environment on fatigue crack propagation rates
in low-carbon steel by using the propensity of this material to form sub-
grains; subgrain size may be used as an indicator of the stresses and
strains experienced by the material as the crack was passing through, and
to measure the energy expended in causing the crack to advance. (1)  This
report will present preliminary results on the use of a new technique
which has been devised for the measurement of strains in the near vicinity
of a crack tip and will correlate these measurements with previously re-
ported values.

It must be emphasized that these are preliminary findings which
result from the application of a new technique to the questions related
to environmentally assisted fatigue crack propagation. One goal of the
next several years of effort in this investigation will be to quantify
crack tip deformation parameters to the point where it becomes clear
whether or not the effects of the environment are surface effects at the
crack tip or bulk material effects in the near crack tip region.

The Stereoimaging Technique

Visualization

A method has been devised to measure strains in the near
crack tip region which uses the ability of the human visual system (eye-
brain) to see in three dimensions (stereopsis). Stereopsis results from
the ability of the visual system to compare two images of the same object
and, with very high resolution, determine the disparities existing be-
tween them({2) Thus, by comparing photographs of a crack tip taken in
two different loading states in a stereoscope, the displacements may be
visualized. An example of this effect may be seen in Fig. 1.

Stereopsis exists only along the axis of the eyes; thus,
differences in the photographs may be visualized in only one direction
at a time. Since cracks generally result in the formation of triaxial
strain fields, it is necessary to view the photographs twice, once with
the loading direction parallel to the eye axis, and once with the loading

VI 1 M RS RTIS R T+ AVRPAERG T T R

.8




L e e i e caiaga. o OGads s De il an Unas g o e e el A A TR e - e e el g o e o Sl D it e e S e i e S e e s S
LY 0 Sev -

At : LIS} - s ..,».,.m..,.:,-r.uﬂﬂ..t SR . .

*pazirensIa aq Aew sjuawadeTdsip di3

yoead oy3 “adoososaais e ur sydea8ojoyd asayy Zuileur £g

.N\mE\Zz €T = X 3e (q) 3y3ra ay3z uo ydeadojoyd ayy pue z/cv

/NW Z = XM 3e opeu sem () 13397 9yl uo ydea8ozoyd ayj -1103

¢-0T 3O uwnnoea e urt m\ms\zz IT = )MV 38 umoad oeid andiiryg
24l Yirtm ‘19931s uoqaed-mo7 jo aie sydeadojoyd om3j asayg *1 2an3813




T

E
E
1

A PR 1

e e SR

o R —

direction perpendicular to the eye axis. The photographs can also be
rotated for the determination of the direction of maximum displacement.

When the two photographs are viewed stereoscopically with

the crack entering from the top and with the photograph made at the

lower 1load on the left, the following will be seen: the material to

the right of the crack will appear lower and rhat to the left of the crack

will appear higher. This means that the material to the right of the

~ crack has moved to the right, and the material to the left of the crack
has moved to the left relative to material ahead of the crack. Note that
the displacements being visualized are in-plane displacements and not dis-
placements in the z-axis. Since these photographs are made at the same
angle of tilt, the out-of-plane displacements cannot be detected.

Quantification

The quantification of displacements which have been visualized
is made using the techniques of aerial map making, or photogrammetry. In
this procedure, the distance between the same point, as found on the two
photographs, is accurately measured using an accurate ruler, or '"parallax
bar." This may either take the form of a micrometer type scale in the
simplest case, or, as is typical for most photogrammetry instruments, a
device which accurately measures changes in optical path length as the
eyes bring a point into coincidence stereoptically. Thus, the distance
apart of any point on the photographs may be measured. By choosing one
point ahead of the crack tip, and as far from it as possible, as the
reference point, the displacements relative to this point may be determined,

. as is shown schematically in Fig. 2. This figure also shows the coordinate
system established as a reference in reduction of data. Diagrams of the

displacements measured from the photographs of Fig. 1 are given in Figs. 3a 6
. and 3b. {
{

Calculation of Strains {

Engineering strain, or Lagrangian strain, is defined as the
change in length per unit of original length. Thus, by passing a curve
through the displacement, Dxy, measured in the x4 direction and dif-
ferentiating that curve, the strain

aD
lj = Xi

3Xj

€

may be determined. Thus, the following strain values may be derived:

' = de = ila)l de = d&
- Exx -5 Eyy v ny - —-a; ny dx
These strain values, therefore, give the elements of the strain tensor
" for any point x, y in the field of the photographs.
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stereoimaged displacements visualized from Figure 1.
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13 MN/m3/2, The area shown is the same as in Fig. 1.
Loading was along + x.
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The Effect of Environment

Typical photographs for crack propagation in wet air (100%Z RH) are
shown in Fig. 4; the other conditions are exactly the same as for the
photographs of Fig. 1. The crack propagated in a dry environment (vacuum)
meanders, and experimentally it has not been possible to obtain a portion
of straight crack perpendicular to the loading axis for analysis. It is
not yet known whether the analysis of crack tip strains is influenced by
the meandering of the crack. For a crack propagated in wet air, meandering
is much less prevalent. This characteristic of crack propagation is be-
lieved to be inherent in fatigue crack propagation for this material in the
8 < AK < 12 MN/u\l/2 range, R = 0.05, but this point is still under investi-
gation. Some preliminary observations indicate that the amount of
meandering may be dependent on loading frequency.

The displacement map for crack propagation in the wet environment
is shown in Fig. 5.

Strain Measurements

In order to compute strains from the displacement measurements shown
in Figs. 3 and 5, it is necessary to

1) smooth the displacement data to compensate for
photogrammetric measurement inaccuracies

2) fit curves to the resulting data, taking the slope at
the coordinate of interest to obtain the strain.

The details of how this is done may be found in Ref. 3. In addition

to the normal strains exyx and tyys and the shear strain Yyxy = €xy + tyx,
the maximum principal strain €11 the minimum principal strain czz,ana
maximum shear strain ypax, and their directions, may also be computed.
Figures 6 and 7 present the Mohr's strain circles for cracks propagated
in the wet and dry environments, respectively. Although these figures
are complex, all the information which can be derived at each point is
found in each Mohr's circle representation. Figure 8 explains how to
read the Mohr's circle information in Figs. 6 and 7. Since the diameter
of the circle at each point is a measurement of Ypax, the distribution
of this quantity can be directly assessed from the figures.

Detailed comparisons of the normal strains and the maximum shear
strain as a function of environment are given in Figs. 9 through 14.
These figures present normal strain data in a form more readily assim-
ilable than the Mohr's circles, and allow a direct demonstration of the
environmental effect. The maximum normal strain in the loading direction
is lowered from nearly 12% to 6% by the environment (Fig. 9), and Fig. 10
shows a similar reduction for ypax. Figures 11 and 12 show that €xx and
Ymax decrease very rapidly with increasing distance ahead of the crack
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Figure 8.

14

Mohr's strain circle. The points (€yy, =Yyy/2) and (eyy,
ny/2) define the diameter of the circle, and its center is

at e = (exx + €y )/2, Yxy = 0. The circle intercepts along
the horizontal axis (Yxy = 0), are the principal strains,

€11 and €27, along which y = 0. The angle 20 corresponds

to the angle @ between the x, y coordinates and the directions
of principal strain. On Figs. 6 and 7, 20 is shown as the

arc from the maximum principal strain (the undrawn horizontal
axis) to the x-axis (drawn). See Refs. 3 and 4 for more de-
tail on Mohr's circle construction.
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tip. Figure 13 shows a rather remarkable difference in behavior of the
normal strain in the plane of the crack, iyy,due to environment. There
is considerable oscillation for the crack tip excluding water vapor, but
for both environments, the maximum value of ¢ occurs slightly ahead of
the actual crack tip, with the maximum magnitude for the dry environment
being about four times that for the wet environment. The decrease in ¢
along the loading direction also occurs rapidly, and is not much affected
by environment, Fig. 14. 1t is not presently known whether the oscil-

lations in the -x direction for the dry environment strains are of
consequence.

Crack Tip Opeming Loads

The'stereoimaging technique, together with the SEM loading stage,
allows the relationship between crack tip opening and load to be readily
determined. For a crack propagated at AK = 8 MN/m3/2, at a loading fre-
quency of 0.03 Hz, the distance behind the crack tip where the crack is
open vs. the applied stress intensity is shown in Fig. 15 for both the
wet and dry environments. The main difference is that there is a large
hysteresis for the dry environment and virtually none for the wet. Note

that for neither case is the crack open to the crack tip until full load
has been applied.

Crack Tip Material Displacements for the Unloaded Crack

By photographing the specimen ahead of the fatigue crack and again
after propagating the crack into that region, the material displacements
due to the presence of the crack may be examined. It is by this com-
parison that the concept of a "clamping stress" on the crack tip may be
examined. Such an experiment has been performed for both the wet and
dry environments, and the displacements have been measured. Diagrams
of these displacements are shown in Figs. 16 and 17. For both environ-
ments, the displacements which result from the presence of the crack
have been in the opposite direction to the displacements which result
when the crack is loaded; thus, these displacements are indicative of a
"clamping strain" in the crack tip region. We are exercising caution
in the interpretation of these results because of the possibility of
some other logical explanation, but at this time, the “clamping strain"
concept appears to be valid.

As was predicted might be the case in last year's report, the
"clamping displacements" for the wet environment are smaller than those
for the dry environment. This information appears to correlate well
with the crack opening information in Fig. 15. Derivation of strainms
from the displacement data has not yet been done, but the strains will
be considerably larger for the dry environment case than for the wet
environment because of the larger displacement gradients which are evident
in Fig. 16. Turther derivation of information from these results must
await detailed analysis of the displacement data.
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Frequency Effects

Because the effect of environment is expected to be exposure
dependent,(5) both frequency of load application and relative humidity,
or partial pressure of water vapor, are expected to be important. But
because body-centered cubic materials are known to be strain-rate sen-
sitive, there may be a coupling between loading frequency and material
properties, which are dependent on the thermal activation of dislocations,
as well as between frequency and exposure to environment. Thus, some
results are being obtained for crack propagation in both wet and dry
environments as a function of loading frequency. The effect of loading
frequency on crack growth in both environments is shown in Fig. 18.
From these data two points are clear:

1) In dry nitrogen, there is an effect of loading frequency
on the rate of crack growth.

2) In 100%Z RH, the crack growth rate is greater than in
dry nitrogen.

What is not clear is the exact amounts of these results for the
100% RH environment; thus, two lines are shown: the solid line is a
least squares fit for all the data, and the dotted line is a best fit
for the data below 1 Hz. Further work on this point is necessary to
better quantify these effects, but it does appear as though care must
be taken to determine just what is an environmental effect and what is
a rate effect.

Correlation of Present and Previous Results

The relationship between subgrain size and energy expended per
cycle was established and presented in the 1977 Interim Report as

W =W d" ¢V
c co
where W =3 +1 J/m?, d(um),m = 1 + 0.1.

The relationship between subgrain size and cyclic stress range was
established and presented in the 1978 Interim Report as

Ao = Cp 41 (2)

where C; = 2.25 ¢ = 218 MN/m3/2 (the yield stress), d(um), n = .262.

y* %

Combining these two relations with a calculation of the energy per
cycle from measurement of the hysteresis loop

W = fAdAe (3)
c p

where Ae, = plastic strain range, f = the fraction of the product of
Aobe, acgually traced out by the hysteresis loop gives

s = g0 4~ (m-m) (4)
P fC1
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which, using the experimentally derived values of the constants, and
f =0.7 gives

b, = 8.7 x Rl e e S L (5)
Similarly a cyclic stress-strain curve can be derived using these
relations. The general form of this equation is{(7)
Ae N
Ao = K Gy(—EZ ) (6)

where K” is an experimentally determined constant, and N is a coefficient
of work hardening.

Combining Eqs. (2) and (4) gives

fc, e, o
Ao = C1(2 m 2 ) (7

which is of the same form as Eq. (6).

Substituting values for the constants in Eq. (7) gives

Ae
Ao =12 ¢ (—2)0'361 s (8)
y 2
The derived value of N is in good agreement with other results.
Rice and Rosengren(8 concluded that for power law hardening materials,
with work hardening coefficient N,
e
P 1+N (9)
e
and r e (10)

For the value of N derived in Eq. (8), these coefficients are:

-1_%“- (stress) = 0.24
1

a8 (strain) = 0.76

For annealed iron, Landgraf (7 found N = 0.24 + 0.04 which approximates
the 0.36 + 0.05 of Eq. (8). The stress range exponent of 0.262 (Eq. (2))
is very close to the theoretical value of 0.24, and the strain range
coefficient of 0.74 + 0.1 is also approximately equivalent to the 0.76




29

derived from power law hardening. The only serious inconsistency rises
in the comparison of the derived value of K° of Eq. (6), which differs
by a factor of 3.5 from that experimentally found by Landgraf. In
summary, the relationship between subgrain size and stress given in

Eq. (2) appears to be well justified by other experimental data and by
theoretical analysis which includes work hardening.

The derived stress range and strain range distributions, Eqs. (2)
and (4), have the same functional dependence and roughly the same slopes
as the analytical theory of Rice and Rosengren for a non-cyclicly loaded
crack for distances several micrometers from the crack tip. Near the
crack tip, however, the theoretical results predict stress and strain
singularities, while the experimental results are bounded. The finite
element work of Levy, et al,(9) also for a non-cyclicly loaded crack,
conversely, does indicate a limiting stress at the crack tip of 3 Oy,
(for the non-strain hardening case) which is roughly comparable to the
experimental value of 2.25 oy. The shape of plastic zone, discussed
more completely in Ref. 1, is very similar to that determined by Levy,
et al (their Fig. 4), except that their values of plastic zone size are
about a factor of 3 larger than the measured subgrain forming region.
Tracey(lo)has also calculated the stress distribution for a non-cyclicly
loaded crack using the finite element method, but for a work hardening
material. For N = 0.3, Tracy obtains a maximum value of stress at the
crack tip of 5 Oy. All of the finite element analyses assume unbounded
distributions of stress and strain given by Eqs. (9) and (10).

Strain Range Determination

Derivation of the strain range from subgrain size, Eq. (5), has
several embedded assumptions, which can be examined by using the stereo-
imaging technique. Subgrain formation is thought to be related to ypax,
so it is this quantity which was used to derive values of the constants
in Eq. (11), which has the same form as Eq. (4):

ge_ - ——— (11)

P a4+ 3"

where m = .738 from Eq. (5) and B = 0.15(1). Table I gives the derived
constants in the equation, yp,4, and the extrapolated dimension of the
subgrain forming region (rj).

TABLE I
. rl(y = 1%)
Environment A E max (um)

Dry nitrogen 0.09 0.111 0.203 170 i

Wet air 0.53 0.078 0.124 104 :




The derived values of A (the subgrain dimension at the crack plane)
agree well with those measured by channeling contrast, as do the extrapo-
lated values of r;. The derived value of E, however, differs from that
determined in Eq. (5) by about a factor of 10.

i In summary, the form of the equation for Ac, derived from subgrain
size measurements agrees very well with that derived from direct measure-
ment of the crack tip plastic strain by stereoimaging. Subgrain size

distribution derived using the latter technique also agrees well with
the measured subgrain size distribution.

Summary and Conclusions

1. Preliminary results, as determined by a new technique for

determining crack tip strains, indicates that

g P e e

The strain distribution near a fatigue crack is described
well by function

Ae = —-—g—___
; P @+Bn)"

where A is related to the subgrain size at the crack tip,
B is the slope of the change in subgrain size with distance,
r, from the crack tip, m = 0.74, and E is related to the
3 maximum shear strain, yp,y, experienced by the material at
the crack tip. This function is the same as determined pre-
4 viously from the subgrain distribution as observed by
backscattered electron imaging.

The stress range distribution, as determined from subgrain size

measurements, is consistant with the above result, and other
1 results as well.

A water vapor environment lowers the strain range, Aep, which i
material at the crack tip can support.

The lower strain range resulting from the presence of water vapor
could be caused by a number of changes in material properties;
which is actually the cause has not yet been determined. Hydrogen

is thought to be the environmental specie which is responsible for
the changes.

Crack growth rate is shown to be both loading frequency and i
environment sensitive; thus, to completely understand the effect \

of environment, it will be necessary to eliminate the changes
due to loading rate.

Preliminary results indicate that the "clamping strain" for the
crack tip in the unloaded state is decreased by the pressure of

water vapor. The hysteresis in crack tip opening is similarly
affected.
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