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X-ray microbeam technique and recrystallization method were used to measure plastic 
zones around 20 kHz fatigue cracks in mild steel. Both methods render approximately 
the same extension of a plastic zone. In order to obtain the amount of deformation 
within a plastic zone measurements of integral line breadth and recrystallization tem- 
perature were calibrated by specimens deformed with known per cent static tension. 
But since static and cyclic loading cause different dislocation structures (especially the 
dislocation density is much more inhomogeneous in fatigued specimens) quantitative 
comparison is difficult. Furthermore the two methods display different values of the 
actual amount of deformation. X-ray line broadening indicates an average dislocation 
density, whereas recrystallization displays a maximum amount of deformation, which 
corresponds to the local dislocation concentrations. 

1. Introduction 
The size and shape of the plastic zone, as well 
as the amount and distribution of plastic defor- 
mation around a fatigue crack play a dominant 
role in crack growth. Several theories have been 
proposed, which are based on the existence of a 
small plastically deformed region around the crack 
tip (the cyclic or reversed plastic zone) within a 
larger area of less plastically deformed material 
(the monotonic plastic zone) [1 -8] .  

Various experimental techniques have been used 
to analyse these zones [9], but this knowledge is 
stili incomplete. Therefore, an additional sup- 
plementary technique is proposed in this paper 
which involves a combination of the X-ray method 
developed by Wood and co-workers [10-24] and 
a grain recrystallization method [9, 25-28] .  

2. Experimental procedure 
A mild steel was used for this investigation 
(0.036wt% C, 0.01 wt% Si, 0 .08wt%Mn, 0.012 
wt % P, 0.008 wt % S, 0.022 wt % A1). This was cold 
drawn to 3 mm diameter rods, then cold rolled to 
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1 m m x  3.8ram x 125ram bands, recrystaUized at 
700 ~ C for 4h  and furnace cooled in vacuo. The 

grain size was determined metallographically as 
15/lm, and the material had a yield stress of 

270 MN m -2 and a fracture stress of 340 MNm -2. 
No decarburization of the edges could be recog- 
nized. Fatigue experiments were performed with 
20 kHz ultrasound [25]. 

The length of the samples was chosen to be 
equal to the half-wave length of ultrasound in 
iron in order to obtain resonance. Thus the push-  
pull maximum stress arises in the centre of the 
sample. The displacement amplitude was measured 
by an electrodynamic converter, the signal of 
which was used for an automatic amplitude- 
stabilization. The stress amplitude was calculated 
by differentiation of the wave equation and by 
means of Hooke's law (controlled by small strain 
gauges). 

To prevent self heating of the samples during 
high-frequency stressing, the load has been 
interrupted by periodic pauses in addition to 
cooling the samples by water or oil. 
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3. Recrystallization tests and results 
3.1. Recrystallization method 
The recrystallization method makes use of the fact 
that the grain size after annealing at a certain tem- 
perature depends on the previous amount of 
deformation. Another recrystallization method 
uses the fact that the recrystallization tempera- 
ture, i.e. the temperature at which recrystallization 
just takes place, also depends on the previous 
amount of  deformation. This dependence of grain 
size or recrystallization temperature on the amount 
of  deformation may be used for measuring an 
unknown per cent deformation. For this purpose 
the method has to be calibrated, i.e. one has to 
find the "best" recrystallization condition. 

The "best" condition in the case of method 
one, is the temperature and time which causes 
recrystallization of all amounts of deformation, 
but which does not produce significant grain 
growth. One has to measure grain sizes depending 
on known amounts of deformation, e.g. by tensile 
testing or by rolling. This recrystallization diagram 
then serves as calibration curve for unknown 
deformations. In the case of bi or triaxial-deform- 
ation modes one obtains equivalent amounts of 
deformation. This means that the microstructural 
changes in the grains are similar to that obtained 
by uni-axial deformation with the equivalent 
amounts of  deformation. 

When the second method [9] is used, the samples 
first are annealed at a lower temperature, which 
only causes recrystallization of the most highly 
deformed areas. At a somewhat higher tempera- 
ture, the less deformed areas recrystallize, etc. 

The mild steel used in this work is appropriate 
for recrystallization tests in many respects, as it 
was relatively "clean" (see composition above), 
which would favour recrystallization [29], and it 
had a small initial grain size ~ 15/am. As has been 
shown by Stanzl and Faltin [30] the annealing 
temperature before deformation is important not 
only in producing the initial grain size but also in 
controlling the driving energy for recrystallization 
after deformation. This temperature and annealing 
time were carefully selected, so that grain-size 
differences for the various per cent deformations 
became as large as possible (e.g. grain size "~ 20/am 
after 55% strain and ~ 500/am after 7% strain). 
Attention was paid to the following difficulties: 
as stated above, at 7% strain a grain size of about 
500/am could be observed. However, it was possible 
that the grains have continued to grow into a less 
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deformed area, and in order to preclude the 
possibility, our tests were performed in such a 
way that this was avoided. (The 7% boundary, i.e. 
Liiders-strain, produced by static load, was marked 
before annealing. Then the annealing temperature 
was chosen to be just high enough to complete 
recrystallization but to avoid continued growth 
of the as-recrystallized grains.) 

The second difficulty is the minimum size of a 
plastic zone, i.e. it should not be less than the 
diameter of the newly formed grains [29]. This 
implies that very small plastic zones, as might 
occur around the fatigue cracks, do not cause 
recrystallization [30]. Very small amounts of 
deformation, i.e. under about 2%, cannot be 
measured by the recrystallization method [29]. 

A third difficulty could arise with steel possess- 
ing higher carbon contents, in which annealing 
may produce decarburization of the surface layers, 
resulting in larger grains. This effect was not 
observed in the mild steel used for this investi- 
gation; on the contrary, it was found, t ha t t he  
recrystallized areas at the surface were smaller 
than in the interior of the specimens. 

3.2. Recrystallization results of 20 kHz 
fatigued mild steel 

Bands of 1 mm thickness were used as specimens. 
Consequently the plastic zone is nearly the same 
in the centre of  the samples as at the surface. 
Therefore, no difficulties are expected if metallo- 
graphic observations of  the crystalline structure 
and X-ray results are compared. The specimens 
were broken by an ultra-sonic stress amplitude 
of  130MNm -2 at a temperature of 20~ The 
broken specimens were examined by the X-ray 
method as described in the following section. 
Afterwards the same specimens were recrystallized 
and polished, after removing a surface layer of 
about 0.3 mm. 

Fig. t illustrates a sample which has been 
step-annealed [9]. Annealing was started at a 
comparatively low temperature, i.e. 580 ~ C. Only 
the areas with the highest amount of deformation 
recrystallize, this being shown by the 55% line 
in Fig. 1. At 600~ deformations up to 40% 
recrystallize; at 650 ~ C, 20%; and at 800 ~ C areas 
of  7% strain become visible. The lines in Fig. 1 
show the boundaries of these zones of defor- 
mation produced by fatique loading until the 
crack reached about 60% of sample width (the 
resonance limits for these specimen). Furthermore, 



Figure 1 Recrystallization of the plastic zone round a 20 kHz fatigue crack of mild steel. Crack initiated at the notch 
(right-hand side). Lines indicate amounts of plastic deformation obtained by the recrystallization method with differ- 
ent temperatures, • 35. 

Fig. 1 indicates that recrystallization does not 
begin directly at the notch at some distance away 
along the crack. This effect has already been 
treated in more detail [26].  

4. X-ray microbeam tests and resu Its 
4.1. X-ray microbeam method 
An X-ray tube with Cr-anode (wavelength K a  = 

2.29A),  operating at 30kV and 3 0 m A  was 
employed using the (2 1 1) reflection and the 
back-reflection technique. A collimator tube was 
used with an inner diameter of  250gin  and a 
length of  60 mm. The distance between specimen 
surface and X-ray film was 4 3 m m  and the 
irradiated area on the specimen surface was about 
300/~m diameter. The specimen was not rotated, 
and the exposure time was 30 min. 

4 .2 .  X- ray  m i c r o b e a m  tes t s  
The X-ray method was applied to check the 
results obtained by the recrystallization method. 
Therefore, the samples were first measured by the 
X-ray technique and later by  the recrystallization 
method. In Fig. 2 the size and site of  irradiated 

spots are indicated by circles. Measurements are 
arranged perpendicular to the crack edge. Each 
row is characterized by a letter. In Figs. 3A to F 
the sectors of  each row are arranged in a circle. 
Within one circle the distance from the fracture 
surface is varied. Each sector is assigned a number, 
i.e. zero is taken directly at the fracture surface, 
one is the first spot, being adjacent to the fracture 
edge, and so on. 

In Fig. 4 the diffraction pattern o f  the un- 
deformed material is shown, the spotty ring 
pattern indicating the presence o f  defect-free 
grains. In addition, some Laue reflections appear 
in this pattern, which are caused by the presence 
of  single larger grains. 

In the deformed material two effects are 
expected: 

(1) the sharp single reflexions are replaced by 
Debye-Scherrer  (DS) rings; 

(2) the Debye-Scherrer  arcs are broadened. 
Usually these effects occur simultaneously. For 
example, the effect of  tensile deformation is shown 
in Fig. 5, in which both effects become more pro- 
nced with increasing amounts of  deformation. 
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Figure 2 X-ray diffraction test of the same 
sample as in Fig. 1. Circles indicate ir- 
radiated spots. Line 1: boundary of integral 
line broadening. Line 2: boundary for tran- 
sition of reflexions to a Debye-Scherrer 
ring (boundary of the plastic zone.) 
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Figure 3 X-ray diffraction patterns around the fracture of 20 kHz fatigued mild steel. Letters A, B, C,. �9 �9 indicate the 
distances from crack initiation; numbers 0, 1, 2, 3 . . . . .  show within one vertical row the distance from fracture edge as 
drawn in Fig. 2. 0 : corresponds to the fracture surface; 1 : the neighbouring point in each vertical row to 0; 2 : the 
neighbouring points to 1 ; 3, 4 , . . . ,  the next ones. 

By measuring the integral line breath of samples 
with known amounts of deformation it is possible 
to calibrate the method. But this calibration is not 
quantitatively valid for cyclic strains. As Fig. 3A to 
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F indicates, effect 1 changes more than effect 2;i.e. 
cont inuous Debye-Scherrer  rings are established 
while no broadening of the rings or reflexions can 
be recognized (using a photometer).  



Figure 4 Diffraction patterns ot undelbrmed mild steel. 

by static loading, results in a smaller amount of 
deformation than the recrystallization method. 
All areas still further away from the crack surface 
cannot be compared with statically deformed 
specimens, because their integral line breadth is 
too small. 

Attempts were made to resolve degrees of 
deformation within this boundary (i.e. amounts 
of deformation between 7 and 30%) but as may be 
seen by comparison of Fig. 3 DO, E0, F0, F1, F2, 
F3 the differences are too small. Thus we may 
conclude X-ray line breadth measurement is far 
less sensitive for the measurement of large amounts 
of deformation than the recrystallization method. 

4.3. X-ray mic robeam results 
Taking into account these difficulties, the following 
results may be discussed. The evaluation of  the 
diffraction patterns (Fig. 3A to E) is summarized in 
Fig. 2, distinguishing three areas with different 
amounts of deformation. Only diffraction patterns 
DO, E0, F0, F1, F2, F3 show integral breaths of 
DS rings, which are greater than in Fig. 5a, i.e. 7% 
(Liiders strain). If the limit of this zone is indicated 
(line 1 in Fig. 2) and compared with Fig. 1, it is 
evident that it corresponds with an amount of 
deformation of about 30% as determined by 
recrystallization. The X-ray method, calibrated 

Figure 5 Diffraction patterns of tensile tested mild steel. 
(a) Tensile deformation 7% (Ltiders strain); (b)tensile 
deformation 11%; (c) tensile deformation 20%. 

Line 2 in Fig. 2 gives the boundary of the 
plastic zone around the fatigue crack outside of 
which no difference whatsoever could be detected 
compared with the undeformed material (Fig. 4, 
B3, C2, D5, E6). 

If this boundary is compared with that deter- 
mined by recrystallization it is evident that the 
extension of the plastic zone obtained by the 
X-ray method is about 100pm greater than that 
found by recrystallization. Just inside line 2, 
continuous DS rings occur (effect 2) but with no 
measurable line broadening (effect 1). 

In addition, as shown in Fig. 3 A1, B1 and B2, 
the size of the plastic zone at the beginning of the 
crack growth (i.e. at low cyclic stress intensity) is 
approximately zero. This is in accordance with 
recrystallization results. Only the fracture surface 
shows a change of the diffraction pattern, i.e. a 
slight broadening of some grain reflexions even 
at lowest stress intensities (A0). That means that 
the thickness of the plastic zone is ~< 10 pm, i.e. the 
penetration of  X-rays. 
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5. Discussion 
Two questions arise from these experimental 
results; 

(1) which changes in a deformed material cause 
the two effects: (a) the transition of spotty 
diffraction pattern to continuous Debye-Scherrer 
rings, and (b) the introduction of line broadening? 

(2) why is there a difference in the amounts of 
deformation as determined by the X-ray and the 
recrystallization methods, respectively? 

To explain the first question some older work 
which was mainly concerned with high frequency 
fatigue tests is reviewed [10-24]. 

Wood and co-workers who used the back- 
reflection technique (incident beam diameter 
approximately I mm), found for mild steel [10] 
and for brass [11] "a dispersal of the grains into 
widely oriented crystallites by static or slow cyclic 
stress: but not at high frequency cyclic stress" 
Wever e t  al. [12] found that the use of an alter- 
nating stress below the fatigue limit did not cause 
any change of X-ray patterns, whereas stressing 
above this limit faded the reflexions. Lihl [13] 
pointed out by means of X-ray studies, that mild 
steel hardened inhomogeneously by alternating 
stresses and he spoke of a "mosaic structure" 
being influenced by dynamic stress. Later on, 
Wood and co-workers [! 4 , 15] mentioned that 
the dislocation theory could account for formation 
of "sub-boundaries" and "fragmentation" of 
grains by condensation of dislocations into grain- 
boundary-like structures. More detailed evidence 
was obtained by electron microscopy and X-ray 
diffraction by Hartmann and Macherauch [16] 
and Wood e t  al. comparing b cc and f cc  metals 
[17]. Karashima e t  al. [18] found for fatigue 
fracture in fcc  metals a remarkable spread of 
diffraction spots caused by "diffuse substructures 
formed near the fracture surface". Awatani and 
Katagiri [19] obtained diffraction patterns of an 
irradiated area with 1 mm cross-section and found 
that iron, steel and copper specimens fatigued 
with ultrasonic frequency, showed "no marked 
reduction of grains to disoriented elements, 
although it occurs in conventional low frequency 
fatigue". Yokobori and co-workers [20, 21] 
could differentiate with their X-ray microbeam 
studies (elliptically radiated area with 150 and 
80/sm axis) between a macroscopic and a micro- 
scopic plastic zone in fatigued low-carbon steel. 
They measured the "misorientation of the grains 
and the subgrain size near the crack tip". Similar 

136 

tests were performed by Latiere [22]. Hempel 
e t  al. measured integral intensities dependin~ 
on the number of cycles at alternating bending 
tests of an unalloyed steel [23]. Nagao and Weiss 
[24] also used X-ray measurements for explaining 
microstructural variations induced by different 
ratios of cycles. It appears reasonable to substitute 
the old expressions like "fragmentation", "mosaic 
structure", etc. by "dislocation cell substructure". 
It is well known that alternating loads produce 
more pronounced cell structures than static loads. 
This would explain why one diffraction spot is 
replaced by a great number of smaller spots, thus 
increasing the number of spots on a particular 
diffraction ring. 

The interior of the cells is virtually defect-free. 
Therefore, broadening of diffraction lines is less 
pronounced than for statically loaded material 
with a similar amount of deformation in which 
the interiors of cells contain a large number of 
dislocations and other lattice defects. 

However, this explanation is not completely 
satisfactory. In samples fatigued with ultrasound 
at room temperature, transmission electron micro- 
scopy has shown that scattered tangles with high 
local dislocation densities and higher dislocation 
densities in grain boundaries exist rather than 
dislocation cells [31 ]. From this we may conclude 
that each effect, which subdivides the original 
grains into zones of high and low dislocation 
density and which causes little misorientation of 
these new areas, leads to a split-up of the original 
spots. 

In the case of higher temperature (about 200 ~ C) 
ultrasonic stressing of mild steel a pronounced 
dislocation cell structure is obtained [31]. X-ray 
diffraction patterns of this material display a clear 
difference compared with room temperature 
fatigued material (see Fig. 6a and b). More and 
smaller reflexions form a distinct DS ring. In 
addition, its integral breadth is even smaller than 
that of the sample, fatigued at room temperature 
(Fig. 6a). 

From this we can conclude that broadening of 
reflexions or DS rings is mainly caused by an 
increase of the average dislocation density. The 
transition from spotty to continuous DS rings may 
be understood as the result of discrete subdivision 
of one grain into several subgrains (areas with very 
low dislocation density). In most cases these areas 
are dislocation cells, but less well-established dis- 
location arrangements may produce similar effects. 



Figure 6 Comparison of X-ray diffraction patterns of 
20 kHz fatigued mild steel, broken (a) at room tempera- 
ture, (b) at 200 ~ C. 

The second question is, why the X-ray line 
broadening method indicates much smaller 
amounts of  "deformation" than the recrystalliz- 
ation method. Recrystallization depends on the 
formation of nuclei. If  their density is high because 
of a high dislocation density, small recrystallization 
grains are formed or a relatively low recrystalliz- 
ation temperature is necessary, thus indicating 
"large amounts of deformation". If zones with very 
high and very low dislocation densities are closely 
spaced (as in the case of  a fatigued material), 
the recrystallization process will be initiated by 
the zones of  high dislocation density and there- 
fore indicate "high amounts of  deformation". 
Recrystallization grains which were nucleated 
inside these higher deformed zones will then start 
to grow into the areas of lower deformation. 

The recrystallization method thus emphasizes 
areas of  large "deformation" of an inhomo- 
geneously strained material. 

On the other hand, the X-ray line broadening 
method is based on a different mechanism. Line 
broadening of an X-ray beam is determined by 
the average dislocation density in the irradiated 
zone. Therefore, the X-ray line broadening method 

indicates an average amount of "deformation". 
The second effect, noticed in the X-ray method, 
i.e. splitting up of spots into a great number of  
spots, has not been evaluated quantitatively in 
this work. But it is another measure of the 
intensity of deformation and indicates a similar 
extension of the plastically deformed area to the 
recrystallization method, as can be seen by line 2 
in Fig. 2. 

Summarizing the results, the X-ray diffraction 
and recrystallization results may be correlated in 
the following manner. 

Within line 1. Line broadening indicates a large 
mean dislocation density. Local high concen- 
trations of  dislocations cause a great number of 
recrystallization nuclei (substantially more than in 

statically strained material, which possesses the 
same linebreadth). 

Between lines 1 and 2. The number of  re- 
crystallization nuclei is very small with no signifi- 
cant line-broadening, however, the high density of 
spots on the DS rings indicate a dislocation struc- 
ture. This is, however, unable to form new nuclei, 
but allows growth of the grains, nucleated within 
line 1. Therefore, the recrystaliization boundary 
lies about 100gm inside line 2. 

In other words, the two methods (recrystaUiz- 
ation and X-ray line broadening) determine a valid 
"amount of deformation". Recrystallization 
exhibits the local concentration of plastic defor- 
mation and X-ray line broadening the average 
deformation. These two values will be different 
for samples with inhomogeneous plastic defor- 
mation, as is the case for cyclically stressed 
material. 

If  we wish to know the maximum amount of  
plastic deformation which has occurred, the re- 
crystallization method is ideal, because it selects 
the maximum deformed area and is very sensitive 
to large amounts of  deformation. 

If  we wish to determine the average defor- 
mation, then the X-ray broadening method is 
preferred. Effect 2 of  the X-ray microbeam 
method, i.e. increase of  Debye-Scherrer spots, is 
very sensitive for measuring small amounts of 
deformation, i.e. small dislocation densities. This 
is the amount of  deformation where grain growth 
becomes effective instead of recrystallization 
nucleation. It also indicates localized strained 
grains in an unstrained matrix. Therefore, it is an 
ideal method for determining the boundary of the 
plastic zones around a fatigue crack. 
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6. Conclusions 
The X-ray microbeam technique (with 300/am 
diameter irradiated areas) has been applied to 

measure the amount of the deformation and the 

shape of a plastic zone ahead of  cracks. The results 

are compared with those obtained by the re- 

crystallization method. It is shown, that it is 

difficult to define an amount of "deformation",  

especially in the case of cyclic loading which 
produces inhomogeneous plastic deformation. 

Two effects are used for evaluation, i.e. line 

broadening and formation of continuous DS rings. 
The difficulties which arise with integral line 
breadth measurements of cyclic plastic zones are 
discussed. 

Measurements have shown that the X-ray line 
broadening method renders an average amount of 

plastic deformation, whereas the recrystaUization 

method is sensitive to the maximum amounts of 

deformation in the same plastic zone. 
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