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Relationship between fatigue striation
height and stress ratio
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In order to obtain stress ratio as well as stress intensity factor range which was applied on
the material before failure from the fracture surface observation, the effect of stress ratio on
fatigue striation height has been investigated on two different alloys (an Fe-3% Si single
crystalline alloy and a 7075 polycrystalline aluminium alloy). Striation height has been
measured both microscopically using a scanning tunnelling microscope and
macroscopically using a scanning electron microscope. Striation height increased with
decreasing stress ratio on both the materials at a given crack growth rate. This tendency
was found by all the measuring methods used. This suggests that not only stress amplitude
but also stress ratio which were applied on the material before the failure could be
obtained by post-failure analysis. C© 1999 Kluwer Academic Publishers

1. Introduction
It is known that there are characteristic ripple markings
on fatigue fracture surfaces which are now called fa-
tigue striations. Because a striation is produced by each
loading cycle [1, 2] at a stress intensity factor range in
excess of a certain value that is in the intermediate and
high growth rate regions, striations are regarded as an
indication in post-crash or post-failure analysis that the
failure of the structure is caused by cyclic loading. It has
been shown that striation spacing coincides with crack
growth distance in a corresponding fatigue cycle in the
intermediate and high growth rate regions [3]. Thus, the
stress amplitude which was applied on the material can
be estimated by measuring the striation spacing and by
comparing laboratory data.

However, the other parameters concerning applied
load such as stress ratio cannot be estimated by stri-
ation observation to date. The objective of this study
is to investigate the relationship between stress ra-
tio and striation height. Few studies have been car-
ried out on striation height measurement [4] and such
measurements have been conducted at relatively large
crack growth rates of about a few micro-meters per
cycle or more, because of the difficulty in measur-
ing striation height. In order to obtain the relationship
which can be applied generally, two different materials
which are both single crystalline and polycrystalline
are used. In addition, because a selected area measure-
ment does not necessarily indicate the general trend,
three different methods which are both microscopic and
relatively macroscopic are used to measure striation
height.
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2. Experimental
The materials used in this study were an Fe-3% Si
single crystalline alloy and a 7075-T6 polycrystalline
aluminium alloy. The 7075 alloy was received as a cold-
rolled plate (no heat treatment was done). The grain
size of the plate was 150µm in the longitudinal di-
rection (L), 70µm in the transverse direction (T) and
20µm in the short transverse direction (S). CT speci-
mens having two orientations (L-T and S-L) were ma-
chined from the plate. The dimension of the CT speci-
mens was 50× 50× 20 mm3.

A strain-anneal method was used in order to obtain
large grains of the Fe-3% Si alloy, and the grain size
obtained after this treatment was approximately 3–5 cm
in diameter. The material was cut into plates. Then, the
work hardened surface layer which might have been
introduced by machining was eliminated using chem-
ical etching, and the plates were annealed to remove
any residual stresses. The crystallographic orientations
of large crystals were determined by an X-ray Laue
back-scattering technique, and CT specimens of ap-
proximately 25× 25× 5 mm3 in size were carefully
prepared from the plates. Fig. 1 shows the crystallo-
graphic orientations for the employed Fe-Si specimens
plotted on a (001) standard stereographic projection.
The loading direction and the notch direction of each
specimen are indicated by (LD) and (ND), respectively.

Fatigue tests were performed at a sinusoidal loading
frequency of 10 Hz using a closed-loop servo hydraulic
fatigue testing machine under constant load conditions
at stress ratios (R) of 0.1 and 0.6 on the Fe-Si alloy
and of 0.05, 0.15, 0.3 and 0.6 on the 7075 alloy. The
tests were performed at room temperature in laboratory
air. Crack length was monitored using a direct-current
potential drop technique. Crack closure measurement
was also carried out using a displacement clip gauge.
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Figure 1 The orientations of Fe-3% Si single crystal specimens plotted
on a (001) standard stereographic projection.

In order to measure striation heights, three different
methods were used:

(i) A scanning tunnelling microscope (STM) which
is installed in a scanning electron microscope (Hitachi
V-3000 STM-SEM) to observe the exact position of the
probe on fracture surface. The resolution of the STM
in the height direction is about an order of 0.01 nm.
The scanned area was 2µm× 2µm. The radius of the
probe tip is much smaller than the striation spacings
measured and the tip length was greater than the depth
of striation valley. Thus no effect of convolution of the
STM probe shape was considered to be observed.

(ii) A scanning image analyser (SIA), which was de-
veloped by H. Sato and M. O-hori [5, 6] and the system
installed in SEM has been manufactured by JEOL Ltd.,
Japan. Using this system, surface profile is obtained by
integrating backscattered electron signal, the intensity
of which is in proportion to the inclination of the sur-
face profile. The resolution in height direction is about
1 nm. Height profiles on 7.8µm line were measured. A
gold layer of about 40 nm was deposited on the fracture
surface prior to the measurements. These two methods
(i) and (ii) gave direct measurements of striation height
but the scanned areas were relatively small.

(iii) The apparent ratio of striated surface and the
apparent ratio of plateau area to fracture surface were
measured under a fixed observation condition such as
magnification, tilt angle, spot size using a scanning
electron microscope (SEM). The measured area was
1 mm in the thickness direction and 25µm in the crack
growth direction. The apparent ratio of striated surface
represents the height of striations because higher stri-
ation can be observed more clearly at a relatively low
magnification (see Appendix). This method gives an
indirect value of striation height, however, the average
height of a relatively wide area can be measured.

Striation heights of specimens tested at various stress
ratios at given stress intensity factor ranges were com-

pared on each material. All the striations, the heights
of which were measured, were considered to be formed
by each corresponding cycle, as the striation spacing al-
most coincided with the macroscopic crack growth rate.

3. Results and discussion
Figs 2 and 3 show fatigue crack growth rates as a func-
tion of effective stress intensity factor range (1Keff) of
Fe-Si and 7075 alloys, respectively. There are slight dif-
ferences in fatigue crack growth rate among the stress
ratios measured on both Fe-Si and 7075 alloys.

Fig. 4 shows an example of SEM fractographs with
the tip of a STM probe. (The very sharp part at the
end of the tip was not seen in this figure.) Striations

Figure 2 Crack propagation rate as a function of effective stress intensity
factor range of Fe-3% Si single crystals.

Figure 3 Crack propagation rate as a function of effective stress intensity
factor range of 7075 aluminium alloy (L-T).
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Figure 4 SEM photograph of fracture surface on a Fe-3% Si single crystal at a stress ratio of 0.6. The tip of the STM probe is also shown in the
photograph.

are normally observed on plateau regions, which are
relatively flat. A plateau is observed at the centre of
the fractograph and ahead of the STM probe tip, and
the STM probe was approached the plateau region by
observing both the fracture surface and the probe tip in
order to measure striation height on the plateau.

Fig. 5a and b shows STM three dimensional analyses
of fatigue striations on fracture surfaces tested on Fe-Si
alloy specimens at stress ratios of 0.1 and 0.6 and at
a crack growth rate of 2× 10−7 m/cycle. The striation
spacings of fracture surfaces tested at stress ratios (R)
of 0.1 and 0.6 were 0.25 and 0.15µm, respectively,
and were almost comparable to the crack growth rate.
The average striation heights were 40 and 25 nm at
stress ratios of 0.1 and 0.6, respectively. The average
striation height of at a stress ratio of 0.1 seems to be
larger than that of at a stress ratio of 0.6, however, the
ratios of striation height to striation spacing are almost
the same at both stress ratios. Thus, the effect of stress
ratio on striation height cannot be revealed using STM.
A reason for this may be that the area scanned by STM
is so small that it is difficult to measure striation height
at the same crack growth rate for both the stress ratios.

Although STMs provide detailed and accurate mea-
surements of striation heights, which is an order of 1 nm
or small, it is laborious to measure on a wide surface
area using a STM and is impossible to measure a rough
surface due to the limitation of probe movements. In ad-
dition, it is difficult to measure on materials which have
a non-conducting oxide layer on the surface. STMs are

therefore not always be able to be applied for this kind
of measurements.

Figs 6 and 7 show striation height profiles, frac-
tographs and measured heights using SIA on fatigue
fracture surfaces of the 7075 alloy at stress ratios of 0.3
and 0.6 at a1K value of 12 MPa m1/2. Figs 6a and 7a in-
dicate the height profiles on the lines in the fractographs
(Figs 6b and 7b). The striation heights indicated asZ
at a stress ratio of 0.3 (Fig. 6c) were larger than those
at a stress ratio of 0.6 (Fig. 7c), though crack growth
rates which were estimated from striation spacing are
almost the same at both stress ratios.

Fig. 8 shows apparent ratios of striated surface area
to the observed surface area at a fixed observation con-
dition using a SEM as a function of crack growth rate at
two stress ratios of the Fe-Si alloy. Regardless of crys-
tal orientation, the apparent ratio of striated surface at
a stress ratio of 0.1 is higher than that at a stress ratio
of 0.6.

Apparent ratios of plateau area to the observed sur-
face area of the Fe-Si alloy are shown in Fig. 9. Stri-
ations are normally observed on plateau areas [7, 8].
The apparent ratio of plateau area does not change
with stress ratio. Assuming that whole plateau area is
covered with striations, the actual ratio of striated sur-
face should not change with stress ratio. The main fac-
tors affecting the contrast of SEM pictures are (i) the
atomic number of the material, (ii) accelerating volt-
age, (iii) tilt angle, and (iv) slope, curvature and edges
of the surface [9]. In this work, observation conditions
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Figure 5 Striation height analysis on Fe-3% Si single crystal specimens using STM at stress ratios of 0.1 (a) and 0.6 (b).

including (ii), (iii) are fixed. It is thought that apparent
ratio of striated surface depends on (iv) which means
the height of striations, because striations should be ob-
served more clearly with increasing striation height (see
Appendix). It is therefore suggested that striation height
at a stress ratio of 0.1 is higher than that at a stress ratio
of 0.6.

The crack growth rates at which apparent ratios of
striated surface and plateau area are measured are in a
range between 2× 10−7 and 4× 10−7 m/cycle. It is ex-
pected that striation height varies approximately a fac-
tor of two comparing in this measured crack growth rate
range. However, the apparent ratio of striated surface
does not change much with crack growth rate. Thus,
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Figure 6 Striation height profiles (a), fractograph (b) and measured heights (c) using SIA on fatigue fracture surface of 7075 alloy at a stress ratio
of 0.3. The profile indicates heights on the line in the fractograph. The numbers in (c) correspond to the measured points numbered in (a). X, Z, D
and angle indicate projected horizontal length on the measured line, the relative heights, lengths between the corresponding points, and the averaged
slope between the points, respectively.

the difference in striation height at stress ratios of 0.1
and 0.6 may be much greater than a factor of two.

Figs 10 and 11 show the apparent ratios of striated
surface area to the observed surface area of the 7075
alloy having L-T and S-L orientation respectively, as a
function of crack growth rate. As is observed on frac-
ture surfaces of the Fe-Si alloy, the apparent ratio of
striated surface increases with decreasing stress ratio
for both orientations. The apparent ratio of striated sur-
face should increase with an increase in crack growth
rate due to an increase in striation spacing. However,
the ratio does not increase in a range between 10−7 and
10−6 m/cycle, and rather decreases with an increase in
crack growth rate of more than 10−6 m/cycle. These are
because of an increase in the ratio of fracture surface
area produced by static modes such as dimple fracture
surface, which is caused by an increase in the maximum
stress intensity factor (Kmax).

On both materials, striation height does not depend
on crystallographic orientation. This finding agrees
with the fatigue crack growth data which is independent

of crystal orientation in Fe-Si single crystals [10]. This
also agrees with an experimental result that the for-
mation of striation is independent of crystal orientation
when multiple slip occurs [11], which suggests that stri-
ation formation is not crystallographic and that striation
morphology including height, spacing and alignment
depends on stress field around crack tip [12].

On both the materials of any crystal orientation
tested, striation height increased with decreasing stress
ratio. This is quite important for practical post-crash
analysis. It could become possible to estimate stress
ratio from fracture surface analysis. Crack growth rate
can be measured from striation spacing on the fracture
surface. From the crack growth rate, we can estimate the
1K or1Keff value which was applied on the material
before failure. Using the results obtained in this work,
we could estimate stress ratio, that is the maximum
and minimum stress intensity factors in a fatigue cycle
(Kmax, Kmin), though we need to build up a database
containing1K and striation height data of various ma-
terials for such analysis.

2415



Figure 7 Striation height profiles (a), fractograph (b) and measured heights (c) using SIA on fatigue fracture surface of 7075 alloy at a stress ratio of
0.6. The profile indicates heights on the line in the fractograph. The numbers in (c) correspond to the measured points numbered in (a). X, Z, D and
angle indicate projected horizontal length, the relative heights, lengths between the corresponding points, and the averaged slope between the points,
respectively.

Figure 8 The apparent ratio of striated surface on fracture surface of
Fe-3% Si single crystals as a function of crack growth rate.

Figure 9 The ratio of plateau surface on fracture surface of Fe-3% Si
single crystals as a function of crack growth rate.

Figure 10 The apparent ratio of striated surface on fracture surface of
7075 aluminium alloy (L-T orientation) as a function of crack growth
rate.

Many fatigue crack growth models have been pro-
posed [13–18]. Neumann’s model [15] is believed to
be the mechanism of crack growth in single crystals.
However, this model cannot account for the differences
in striation height when stress ratio changes. It may also
be believed that, at a low stress ratio, the fracture sur-
faces contact and crash together due to the closing force
during unloading, and that a lower stress ratio produces
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Figure 11 The apparent ratio of striated surface on fracture surface of
7075 aluminium alloy (S-L orientation) as a function of crack growth
rate.

a lower striation height. This might be true, because the
striation height differences are small between stress ra-
tios of 0.3 and 0.05 (see Fig. 11). However, this surface
contact mechanism cannot account for the difference in

Figure 12 Scanning laser micrographs of saw-toothed steps and their depth profiles. The depths of them are 0.69µm (a) and 0.24µm (b).

striation height between stress ratios of 0.6 and 0.3, be-
cause closure does not suppose to occur or is very small,
if any, at these stress ratios, and the closing force may
be very small. According to the surface contact mech-
anism, striation height at a stress ratio of 0.6 should
be larger than that at 0.3, however, this is not. Thus,
further studies are necessary to build up a striation for-
mation mechanism which takes into account the results
described above.

4. Conclusions
The effect of stress ratio on fatigue striation height was
investigated on two different alloys using three differ-
ent methods both microscopically and macroscopically.
Striation height increased with decreasing stress ratio
on both the alloys at a given crack growth rate. This
suggests that not only stress amplitude but also stress
ratio could be obtained by fracture surface analysis.
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Figure 13 SEM photographs of saw-toothed steps at magnifications of 2000 (a) and 1000 (b).
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Appendix
The factors affecting the contrast of SEM images [9]
are:

(i) the atomic number of material
(ii) crystallographic orientation

(iii) acceleration voltage
(iv) tilt angle
(v) electric charge on the surface

(vi) magnetic field on the surface, and
(vii) surface geometry.

When we observe fracture surfaces of a metallic ma-
terial having a certain crystallographic orientation, (i)
and (ii) are constants, and (v) and (vi) are negligible. If
we observe under a fixed condition such as (iii), (iv) and
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magnification, the only factor affecting the contrast of
pictures is (vii). If we compare the contrast of pictures
of two fatigue fracture surfaces at a given crack growth
rate (thus the same striation spacing), the factor affect-
ing contrast is striation height. Thus we can estimate
striation height qualitatively.

To prove this, saw-toothed steps having two different
depths and the same width were made on a flat metal
surface using a focused ion beam sputtering machine
(Hitachi, FIB-2000). The step depths are measured us-
ing a confocal scanning laser microscope (Lasertec,
1LM21).

Laser micrographs of the steps are shown in Fig. 12.
The depth profiles are also shown in the figure. The
depth was about 0.69µm and the width of each teeth
was about 2.6µm for a deeper step shown in Fig. 12a.
The other step, which is shallower, is shown in Fig. 12b.
The depth of the shallower step was about 0.24µm and
the width of each teeth was about 2.5µm, which is
almost the same as that of Fig. 12a.

These steps were observed with a SEM at magnifica-
tions of 1000 and 2000, to see the difference in contrast.
Micrographs are shown in Fig. 13. At a higher magni-
fication (see Fig. 13a), both steps are clearly observed.
However, at a low magnification (see Fig. 13b), the con-
trast of the shallower step (designated as “0.7” in the
picture) is weak, though that of the deep steps (desig-
nated as “2.5” in the picture) is still strong. It is thus
suggested that the contrast become stronger for deeper
steps under a given observation condition. If we ob-
serve at a relatively low magnification, the striations
whose height or spacing is less than the resolution will

not be observed. Therefore, the height of striation can
be measured qualitatively using this method.
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