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Abstract—This paper introduces a new method of investigation in the field of fretting. This method
employs X-ray diffraction for the characterization of surface layer damage through residual stresses and
work-hardening by tribological action. The effect of hardness and material residual stresses upon the state
of the surface have been studied. The results showed that fretting, being a surface phenomenon, created
work-hardening of soft material or work-softening of hard material in the near-surface layers. When the
initial residual stresses were high, fretting could not modify them because they had already reached the
saturation limit. A Pole figure shows that fretting modified the texture of the specimen surface.

INTRODUCTION

The mechanical and chemical state of a surface have an important role in tribological phenomenon
and may be characterized by a number of parameters, including:

(1) micro-geometry (surface roughness)
(if) physico-chemical nature of the surface.
(iii) mechanical characteristics (hardness, work-hardening, residual stresses...) of the
surface.

"With the exception of hardness this last aspect has rarely been taken into account. This is because
of the difficulties in measuring and calculating the residual stresses and plastic deformation present
in the material. One of the methods allowing us to determine these mechanical parameters is
the X-ray diffraction technique. This method being non-destructive makes it possible to study
the surface layers of 5-100 um dependent on the material and the nature of the employed X-ray
tube.

Fretting being a surface damage event occurs between contacting surfaces which are subjected
to vibration or cyclic stressing. It arises, for instance, in shrink fits, press fits, bolted assemblies,
keyed gears and even between electrical contacts.

The X-ray technique has been used for research into sliding [1, 2] and rolling contact [3]. A
similar investigation by the authors [4] showed that X-ray diffraction can be used to study
fretting phenomena. It was shown that the residual stresses introduced by fretting were compressive
and had their maximum value on the surface. The residual stresses perpendicular to the

fretting direction ¢,, were larger than those in the direction of fretting o), [4]; see for example
Fig. 1.
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Fig. 1. Typical results of the effect of fretting due to a normal load of 360 N and stressing at 50 Hz (after
[4]). (a) Residual stresses and (b) the width of the diffraction peak characterizing the micro-strain before

and after fretting.

EXPERIMENTAL DETAILS

Figure 2 shows the fretting test machine. Movement is generated by a motor of variable speed.
The rotational movement is transformed to a cyclic translatory movement by an eccentric whose
vertical position is adjustable. The movement is then transmitted to the upper specimen holder by
some articulations consisting of flexible plates of spring steel. Specimens are gripped in two
specimen holders. The lower specimen holder is set up on the chassis via a double universal joint
ensuring perfect -alignment and consequently a good contact between the two specimens. The
contact force is applied by a bolt through a coil spring and measured by a piezoelectric transducer.
Slip amplitude is measured by an Eddy-current non-contacting transducer. Other measured
parameters are: the frequency of fretting, the number of cycles and the electrical resistance of the
contact. The slip amplitude (peak-to-peak) of this machine can vary from 0 to 75 um. The
maximum normal load which can be applied is 1 kN. The machine can operate at frequencies in
the range 2-70 Hz.
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Fig. 2. Fretting test machine.
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CONOOUDd WN

Fretting experiments were performed on an AFNOR XC48 steel of composition (wt%) 0.49 C,
0.73 Mn, 0.18 Si remainder Fe, and an AFNOR 35NCDI16 steel of composition (wt%) 0.36 C,
0.4 Mn, 0.36 Si, 3.85 Ni, 1.75 Cr, 0.4 Mo remainder Fe. Table 1 shows the mechanical properties
of these two steels which we employed in the first series of our investigation concerned with the
influence of material hardness. The second series of tests concerned with the influence of initial
residual stress was carried out only on 35NCD16 material. Specimens from 35NCDI16 were cut
and quenched in oil with one set of specimens being tempered at 873 K for 1 h, in a vacuum furnace,
after having been ground. Another set of specimens was ground after having been tempered at the
same temperature and for the same duration of time as that of the first set. The surface roughness
of the two sets of specimens was identical. A pair of specimens in any one test was of the same
material and treated identically. The contact configuration was flat-on-flat. The shape and
dimensions of the test specimens are shown in Fig. 3. The linear oscillatory motion of fretting in
our test followed the direction of the initial grinding of the specimens. The tests were carried out
in the ambient air of the laboratory with an average humidity of 50% and an average temperature
of 293 K. The fretting slip amplitude for all tests was 55 um (peak-to-peak). We applied a normal
load of 360 N. Tests were carried out at a frequency of 50 Hz.

RESIDUAL STRESSES AND X-RAY DIFFRACTION

The X-ray method measures strains in the surface layers of a material. These strains are then
converted into stresses using various assumptions. The basic principle of obtaining the strain is
simple [5, 6]. The interplanar spacing of a specific form of planes is obtained from grains of different
orientations to the surface normal. This is determined by tilting and rotating the specimen with
respect to the incident beam. This spacing is then converted into strains using the formula:

Epy = (ddn]: - do)/do (1)

Table 1. Mechanical properties of specimens

0.2% Proof stress Hardness

Material : (MPa) VHN
Annealed 379 192/5

XC43 Quenched 1462 680/20
Tempered 1029 365/10

35 NCD16 at 600°C

quenched Tempered 1326 580/20

at 200°C




94 G. H. FARRAHI and G. MAEDER

L g 25 |

Upper Specimen Lower Specimen

Fig. 3. Shape of the test specimens; dimensions in mm.

where d, is the interplanar spacing for a stress free material, and dj;, is the spacing in the direction
dy, defined by the angles ¢ and  (Fig. 4). The spacing d,, in equation (1) is obtained from the
angular value of the Bragg peak corresponding to the diffraction planes using the formula:
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Fig. 4. Definition of parameters. (a) Definition of ¢ and y and (b) orientation of planes to the surface.
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where 4 is the wavelength of the radiation. Differentiating Bragg’s equation and substituting into
equation (1) gives

e = —1/2(cotg®@)A2@ 3)

with A20 =260 —20,, where O, is the angular position of the diffraction for a stress-free
material. The strain g, in the direction ¢y can be related to the stress o by:

g4y =[(1 +v)/E]lo, sin®y (4)

where E is Young’s modulus and v is Poisson’s ratio for the material. Substituting equation (4)
into equation (3) results in

A20 = —[(360/n)tan@J{[(1 + v)/E lo,sin*y } (5)

where (14 v)/E =1/28, is the X-ray elastic constant which depends on the material and the
orientation of the diffracting planes. By measuring the value of 2@ at different incident angles ¢,
a linear relationship is found (for an isotropic material) of A2 against sin*y. The slope gives the
value of the stress o,. The measurement of ¢,, for at least three directions of ¢ together with
the 3D-stress—strain relationship enables us to obtain the stress tensor. The broadening of the
diffraction peak can be analysed in terms of micro-strain (Fig. 5). We measured the width of
the diffraction line at 0.4 of the height, b, of the diffraction peak and this parameter may be used
to characterize the micro-strain.
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Fig. 5. Shift and broadening of an X-ray diffraction peak.
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Table 2. Flow chart of X-ray measurements

[ X-ray Generator |
]
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®, ¥ Motor Monitoring

B

[Peak Search and Treatment |
|
[calculation of Stresses |

[Stress Tensor |
I
[Result Output ]

The procedure for residual stress measurement is simple. The beam generated in an X-ray tube
is focused and directed to the specimen, which is arranged in the centre of a goniometer. The X-rays
are diffracted by favourably situated lattice planes and this produces interference. A detector is used
to find the location and intensity of the diffracted beam. A computer is employed for monitoring
the operation, collecting and analysing the data; see Table 2.

(n our experiments a diffractometer equipped with an Q type goniometer (CGR/GS 2000), a
nosition sensitive detector (PSD) and pulse height analyzer (INEL) were employed. A PDP 11/23
computer was used for monitoring and analysing the data. Chromium radiation (A4, = 0.22895 nm;
25kV, 22mA) was employed to examine the {211} peak (20 =156°). The irradiated spot
on a specimen was @ 2 mm. For each stress-tensor 50 peaks (5 ¢ angles by 10 ¢ angles) were
cxamined. The X-ray elastic constant employed in the data analysis was measured and it was
as tollows:

1/2 5,{211} = 5.8 x 10~ MPa~",

Back-reflection Debye—-Scherrer rings were examined on films with chromium radiation. These
rings were uniform, indicating good conditions of diffraction for the specimens.

In order to determine the stress distribution by depth, the surface layer of specimens was removed
by electrolytic polishing.

RESULTS AND DISCUSSION

The reproducibility and accuracy of our X-ray measurement and fretting tests have already been
checked elsewhere [4]. The effect of the number of fretting cycles, slip amplitude and normal load
has also been studied [4]. Below we show the influence of material hardness and the initial stress
state on the residual stress developments and b the width of the diffraction line.

Hardness of material

The intensity of residual stresses on a surface, due to fretting, is related to hardness, and therefore
to the yield strength of the material. The harder the material the higher the residual stress on the
surface and the thinner the affected layer. Regarding the micro-strain as detected by parameter b,
fretting caused an increase of b in soft material. This increase is due to work-hardening of the
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Fig. 6. Effect of the hardness upon (a) the residual stresses and (b) the width of the diffraction peak for
two materials (slip amplitude 55 um; frequency 50 Hz; number of fretting cycles 5 x 10° normal load
360 N).

surface. On the other hand, fretting produced a decrease in 4 for initially hard material (Fig. 6).
This decrease may be due to a dynamic recovery of the initial martensitic structure containing a
high density of dislocations. The value of b can be related to the hardness: Kurita and Hirayama
[6] and one of the authors [7] have already shown that the hardness of steel can be estimated by
determining the width of the X-ray diffraction peak, b. Therefore an increase or a decrease of the
width of the X-ray diffraction peak can be respectively interpreted as an increase or a decrease of
hardness. By measuring the surface hardness, Waterhouse [8] has found that work-hardening or
work-softening may occur because of fretting. It has been seen that fatigue [9] and shot peening
[10] could cause a decrease of b in hard materials. It has been observed that cyclic stressing produces
an increase in hardness on annealed material and a decrease on cold-drawn material. This change
of hardness was dependent on both the magnitude of the cyclic stresses and the number of applied
cycles. Miller [11] has shown that cyclic softening and cyclic hardening is strain rate dependent (i.e.
frequency dependent). Smith er al. [12] studied a wide range of material and found that when the
ratio of the ultimate tensile strength to the 0.2% proof stress is greater than 1.4 the material
cyclically hardens, and when this ratio is less than 1.2 the material cyclically softens. For ratios
between 1.2 and 1.4 it is difficult to predict cyclic changes.

Initial stress state

As we have already explained, this part of our investigation was carried out on two sets of
specimens; one carrying an initial stress (ground) and another being tempered at 600°C and
therefore devoid of residual stress. The measurement of residual stresses and parameter b on a
ground specimen showed that grinding created similar stresses to those produced by fretting. This
means that residual stresses created by grinding were compressive and they had their largest values
on the surface. They were highest in the direction perpendicular to that of grinding, i.e. in the
direction of g,,. As Fig. 7 shows fretting could not alter greatly the distribution of residual stresses
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Fig. 7. Influence of the number of fretting cycles on the distribution of (a) the residual stresses.and (b)
the width of the diffraction peak on a ground specimen (35 NCD 16; hardness 365 H,; slip amplitude
55 um; frequency 50 Hz; normal load 360 N, ¢, =0).

already created by grinding. Nevertheless the width of the diffraction line, on the surface, decreased
with increasing number of fretting cycles. This decrease, depending on the intensity of work-hard-
ening introduced by grinding, may be due to a dynamic rearrangement of dislocations due to the
fretting action. Figure 8 shows that residual stresses and parameter b increased by increasing the
number of cycles when the specimen is devoid of any initial residual stress. Figure 9 provides a
comparison of measured values of o,, and b on the two sets of specimens. We observed that when
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Fig. 8. Influence of the number of fretting cycles on the distribution of (a) the residual stresses and (b)
the width of the diffraction peak on a tempered specimen (35 NCD 16; hardness 365 H,; slip amplitude
55 pum; frequency 50 Hz; normal load 360 N, ¢, =0).

the residual stresses on a surface were sufficiently high, fretting could modify them only if the
intensity and duration of the test were sufficient. However this was possible only when the residual
stress had not reached the saturation limit which depends on the cyclic yield stress of the material.
For both sets of specimens having different initial stress states we noticed that the value of a,, (and

also g,,) remained constant after 5 x 10° cycles of fretting.
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Fig. 9. Influence of the initial stresses on the distribution of (a) residual stresses and (b) the width of the
diffraction peak (35 NCD 16; hardness 365 H,; slip amplitude 55 um; frequency S0 Hz; normal load

Since the properties of crystals are directionally dependent, the crystallographic orientation of
the crystallites within the polycrystalline aggregate (i.e. texture) plays an important role. Texture
may be the consequence of mechanical and/or heat treatments. The Pole figure is a common method
for representing the texture. The Pole figure represents the orientation distribution function which
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Fig. 10. Pole figure {110}. (XC48 annealed; hardness 192 H,; slip amplitude 55 um; frequency 50 Hz;
normal load 360 N; 5 x 10° cycles).

is not directly measurable. However the calculation of the orientation distribution from the Pole
figure requires mathematical and computational analysis [13]. Analyses of the surfaces of
contacting bodies during sliding [14] or rolling contact [15] has showed the development of textures;
the intensity and magnitude of which changes during a test.

The Pole figure of the initial surface of a specimen from annealed XC48 (Fig. 10) shows the
absence of any preferential orientation before fretting because of a negligible variation in intensity
and a random distribution. The subsequent fretting motion led to the formation of a {110} texture
parallel to the surface of the specimen. This has already been confirmed in the case of rolling contact

experiments [15].

CONCLUSIONS
From this work the following conclusions may be made.

(1) Compressive residual stresses are introduced by fretting and attain a maximum value on
the surface. The magnitude of this maximum depends on the yield strength of the material.

(2) Work-hardening of soft materials and work-softening of hard materials can occur because
of fretting.

(3) When initial residual stresses on the contacting surfaces were high, fretting could modify
them if the intensity and duration of the test were high enough. This occurs only when
the residual stress has not reached a limiting value dependent on the cyclic yield strength.

(4) Fretting modified the surface texture of the test pieces.
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during this investigation.
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