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FATIGUE CRACK INITIATION
FROM MICROSTRUCTURALLY SMALL VICKERS INDENTATIONS

INTRODUCTION

The welds consist of base material, heat affected zone 

of the base material melt down during welding and form 

vicinity undergoes a transformation.
The HAZ formation is result of an applied thermal cycle 

caused by the heat source movement which is necessary 
to melt material. The effects of the thermal cycle diminish 
with the distance from the fusion line. The material close to 
the weld metal is heated almost to the melting point and the 
high temperature produces a grain growth. The result is the 
formation of a coarse-grained microstructure in the so-called 
coarse-grain heat-affected zone (CGHAZ) adjacent to the 

properties, such as impact toughness and fatigue limit.

of the stress appears at the weld toes of loaded welds. The 
location of stress concentration in Figure 2. is marked as 
Kt
grinding of the weld reinforcement is sometimes performed, 
although it is economically hardly acceptable. If grinding 
is not carried out, the fatigue strength is certainly reduced.

Weld defects in the weld metal and HAZ appear mainly 

Non-destructive examination (NDE) methods are suc-
cessfully used to ensure the soundness of welds. Defects 
that are smaller than the threshold sensitivity of the NDE 
method cannot be detected and the presence of those small 
defects in welds caused either by welding or base metal 
production can promote crack initiation during the cyclic 

fatigue strength of welds.
The effect of defects on the fatigue limit of polycrys-

talline metals is negligible when the size of the defects 

Such microstructurally small defects are micro-defects. 

The resistivity of a coarse grain steel against fatigue crack initiation in presence of micro-defects is discussed. 
Samples of material with martensitic microstructure were prepared by adequate thermal treatment. Microstruc-

due to the irreversibility of plastic deformation. The moment of indenting enables to prepare samples with and 
without effects of residual stresses. The stress level for crack initiation depends on the actual indentation size. 
The location of initiated cracks is affected by the presence and character of residual stresses.

Key words: micro-defect, coarse-grain heat-affected zone, crack initiation and growth, stress-concentration, 
fatigue limit

Nastanak zamorne pukotine iz mikrostrukturno malih vickersovih otisaka. -

mikro greška, grubozrnata zona utjecaja topline, nastanak i rast pukotine, koncentracija napre-
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Grains are usually the biggest microstructural units of a 
CGHAZ.

-
tude fatigue cracks appear due to the interactive effect 

fatigue crack appearance is the crack initiation. In the 
presence of micro-defects of the size of microstructural 
units the crack initiation is easier because of the locally 

The crack initiation from micro-defects is followed by 

crack propagation, the grain boundaries are strong barriers 
for crack growth.

However, the growth rate of cracks smaller than 
grains decreases when crack tip approaches to the grain 

overcome such obstacles, crack growth will stop and the 
crack becomes a non-propagating.

Residual stresses present in welds in the as-welded 

emanation from micro-defects, while compressive stresses 
have an opposite effect.

For the all above described reasons CGHAZ often rep-

welds because of:
- coarse grain microstructure,
- changed mechanical properties,
- welding residual stresses,
- stress concentration due to weld shape,
- presence of defects.

Only if fatigue tests are executed on actual welds and 
with in detail examination of specimens with initiated 
fatigue cracks the most critical HAZ microstructure can 
be located. The fatigue limit prediction of welds with or 

The advantages of this approach are:
- identical microstructure in an extensive volume of the 

sample,
- homogeneity of material, i.e. without present weld 

defects,
- absence of the welding residual stresses,
- possibility to simulate effects of defects by preparing 

The fact that mechanical preparation of artificial 
micro-defects creates residual stresses is crucial for the 
behaviour of polycrystalline metals with such defects. The 
residual stresses can be of tensile or of compressive type 
and sometimes even of amplitude near to the yield point 
of the material. The main reason of residual stress appear-
ance due to micro-defects preparation is the irreversibility 
of the material plastic deformation.

All residual stresses have effect on the fatigue crack ini-
tiation from micro-defects. Local very high residual stresses 
can even change the actual shape of the micro-defect.

To evaluate the effects of defect size to the fatigue limit 

preparation should be omitted. Electro-etching is usually 
used. Part of material with the highest stress is removed 
without any plastic deformation. In this way, the residual 
stress level is substantially lowered. Unfortunately, the 
removing of residual stresses with etching is accompanied 
with the change of shape and size of micro-defects.

indenting residual stresses on the initiation of cracks from 
microstructurally small Vickers indentations in coarse 
grain steel.

MATERIAL AND EXPERIMENTAL PROCEDURE

Tests impossible to perform with samples from real 
welds, as the tensile, the impact test and the fatigue test 

HAZ microstructure prepared with simulation using either 
a weld thermal cycle simulator or a furnace.

Data on heating rate (T), peak temperature (Tmax) and 
cooling time ( t8/5) are used for the simulation of the thermal 
conditions during welding. The schema in Figure 2. (right, 
above) presents the temperature lapse during the prepara-
tion of CGHAZ microstructure using a weld thermal cycle 
simulator. The actual simulation is shown in the photograph 
(right, below). Few shapes of specimens with the limited 
volume of simulated CGHAZ microstructure located in the 
middle of the specimen’s length (shaded areas) are shown 
in the drawing (left, below).

If CGHAZ microstructure is prepared in a furnace an 
appropriate heat treatment should be applied to the material 
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to obtain as coarse grain microstructure as relevant con-

annealing should be performed to obtain right grain size, in 

to ensure the formation of the expected microstructural 
constituents. The main advantage of HAZ microstructure 
simulation in furnace is a homogeneous microstructure in 
the whole specimen not only in a limited volume.

-
tigation.. The steel is used in the automotive industry.

In order to form CGHAZ microstructure using weld ther-
mal cycle simulator a thermal cycle with T  = 200 °C/s, Tmax

t8/5 = 5 s is applied to the steel. The simulation 

microstructure with the grain size of approx. 200 m (Figure 

The aim of CGHAZ microstructure simulation in fur-
nace was to prepare the same microstructure in the whole 

3 hours. Grains grow to the size of approx. 200 m. The 
coarse grain annealing is followed by cooling in water. The 
next step of the treatment is heating to 870 °C and water 

grain size and the hardness of this microstructure is the 
same as that prepared with the thermal cycle simulator; 

(Figure 3.b).

Rotary bending fatigue test was used to determine the 
fatigue limit of CGHAZ material. The dimensions of the 
circumferentially notched bend specimen are shown in Fig-
ure 5. The notch produces theoretical stress concentration 
factor of Kt
alternating stress with the rate of R -
turally small defects (micro-defects) at the bottom of the 
notch are prepared by indenting with a Vickers pyramid at 

m, the depth is smaller because of the pyramid shape. It is 
obviously that the indentations are micro-defects because 
they are smaller than the biggest microstructural unit, i.e. 
average grain.

cracks appear due to the interactive effect of the stress con-
centration due to the Vickers indentation and the applied 
stress. The crack initiation was detected, the test stopped 
and the specimen submitted to the examination in optical 
and scanning microscopes.

A relatively great volume of material is plastically 
deformed when indenting with a Vickers pyramid. The 
level of generated residual stresses depends on the material 
properties, their expansion in the volume of the deformed 

to remove the effect of widespread residual stresses which 
is crucial for the fatigue crack initiation stage and the early 
growth of micro-cracks.

A new approach to remove residual stresses was nec-
essary for the experimental work with indentations. The 
re-crystallisation during transformation in the last stage 
of CGHAZ furnace simulation seems a convenient way 

of defect’s geometry.
Therefore, two stress conditions of the specimen with 

Vickers indentations were prepared:
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(indenting is executed after the complete heat treatment 
for CGHAZ simulation - point 2 in Figure 4.).

2. The residual stress-free condition, i.e. without residual 
stresses (indenting is executed before heating for water 

RESULTS AND DISCUSSION

The combined effect of small defects, small cracks, 
small inclusions etc on the fatigue strength of metals was 
studied by Murakami and Endo more than twenty years 

fatigue limit of polycrystalline metals was interpreted as 

the condition for non-propagation of cracks emanating 
from defects. They introduced a corresponding geometri-
cal parameter of small defects with which the transition 
from the non-propagating crack to the propagating crack 

Thus, the parameter area was proposed to evaluate

-
tion of the micro-defect to the plane of applied stress and 

for the detrimental effect of small defects on the fatigue 

published results is dealing with the effects of drilled small 
holes, though other kind of small defects were used, too. 
The geometrical concept of area of a Vickers indentation 

with baseline  (diagonal of indentation) and height h (depth 
of indentation).

If the diamond pyramid is assumed to be incompress-
ible and the indented metal ideally plastic, value area of a 
Vickers indentation will be expressed by using the shape 
of Vickers pyramid and the measurable size of indentation 
on the surface. The angle between the opposite planes of 

, between the op-
posite edges that form the diagonal of the indentation, is 

 is calculated as:

2 ctg 68 ;   2 arctg 2 tg 68 .
4

h

Unfortunately, the diamond pyramid is not incom-
pressible, although its elastic modulus is at least 5 times 

stresses caused by indenting of strain-hardening elastic-
plastic steel are compressive, since originating from the 

reaction of elastically deformed indented material. The 
indentation changes of shape after the load was removed 
when residual stresses arise. Therefore, the actual depths 
of indentations are smaller than the theoretically calculated 

A special method schematically shown in Figure 7. 
-

ers indentation. The specimen is mounted on an accurate 
measuring table movable in one direction. The uncertainty 
of table position is 0,5 m. Optical travelling microscope 
and laser interferometer are used for depth measurements. 

the point where indentation appears to the point where 
indentation disappears. After the observed spot along the 
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diagonal is focused, microscope moves vertically and its 
former position is measured by a laser interferometer. The 
uncertainty of microscope position is 0,2 m. By moving 

is incrementally measured and data stored.

w  - the fatigue limit / MPa,
Kth  - the threshold stress intensity factor / MPa·m ,

HV  - the Vickers hardness number,
area - the defect’s size parameter / m.

The change of Vickers indentation size due to the pro-

intensity factor and the fatigue limit of material with the 

area

In the material treated as continuum, the surface cracks 

shape with the height-to-length ratio (aspect ratio) approx. 

The dimensions of Vickers indentation used as a micro-
defect are length and depth, i.e.  and h
stress intensity at the deepest point of the outlined ellipse 
is much higher than that at the surface. Therefore, the crack 
from Vickers indentation would initiate at the deepest point. 
Different crack grow rate due to different stress intensity 

-
sary crack shape condition (aspect ratio approx. 0,4).

In the case of polycrystalline metals and micro-defects 
the stress intensity along the crack periphery cannot be de-

grains, too. Nevertheless, the crack initiation at the deepest 
point of the used micro-defect is most likely.

Loading of the specimens during tests was constant. 
Striations on the fracture surface did not appear. However, 

disclose the positions of crack origin. The existence of the 
radial ledges indicates the direction of crack growth. They 
can be traced back towards the crack origin.

the crack initiates at the deepest point of the indentation 
and grows in a convex semi-elliptic shape. This is sche-

represent direction of the crack growth from the indenta-
tion outwards. This indented specimen was in the residual 
stress-free condition because indenting was performed 

is telling different story. Two cracks initiate at the edges of 
indentation. Their growth and coalescence are schematically 

cracks growth is represented by attached arrows. The crack 
front of already coalesced cracks is concave in the middle. 
During further growth the crack gradually changes to a 
convex semi-elliptic shape. This indented specimen was in 
the as-indented condition because indenting was performed 

Calculation and measurement were made with the same 
indentation. Its diagonal was 204 m. The depth of the 

m. The 

The calculated defect size parameter area m.

The solid line in Figure 8. represents the measured 
m. The 

calculated defect size parameter area is 50,5 m, almost

According to Murakami, the fatigue limit and threshold 
stress intensity factor of polycrystalline metals are calcu-
lated from parameter area

6

,w
HV

area

3 3
thK HV area (2)

where:
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The reason for such unexpected crack behaviour during 
the initiation and early crack growth on indented specimen 
in the as-indented condition is a compressive residual in-
denting stress. This stress acts perpendicular to the edges of 
the indentation obstructing crack initiation. The magnitude 
of the compressive stress is the highest at the deepest point 
of the indentation. Crack initiation at both edges far away 
from the deepest point is easier because of lower compres-
sive stress.

The correctness of the above described behaviour in the 
as-indented condition is proved in the microphotographs in 

microns apart. In the moment of snap they are not jointed 
at the deepest point of the indentation. Their lengths are l
and l2, respectively. They did not reach to the specimen’s 
surface either. The next stage in the crack growth is shown 
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to the surface. The length of this non-propagating crack is 
l, more than sum total of l  and l2.

Four stages of the life of indented specimens shown 
-

ing the initiation and early growth in presence of residual 
stresses caused by indenting and their absence.

CONCLUSION

Indented notched specimens with the simulated mi-
crostructure of CGHAZ were fatigue tested. The crack 
initiation and its early growth was followed and analysed. 
The effects of residual stresses caused by indenting were 
discussed.

The actual shape of a Vickers indentation is needed to 
calculate the defect size parameter area which enables 
assessment of the fatigue limit, w, and the threshold stress 
intensity factor, Kth, of micro-defected materials. We 
found parameter area in the coarse grain steel used in 

The residual stresses in the nearest surroundings of an 

level necessary for the initiation of crack from a Vickers 
indentation. The presence of residual stresses, two cracks 
will initiate at both edges of the indentation. In absence of 
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