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SUBSURFACE CRACK NUCLEATION DURING DRY SLIDING 
WEAR OF P/M STEEL POWDERS 
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Abstract 
When a porous powder metallurgy part is worn by a counterbody, intense 
shear stresses are exerted on the surface and subsurface owing to the 
both normal load and tangential load (i.e. friction). Hence, depending on 
the amount of loads the pores near the surface may be closed owing to 
intense plastic deformation in this area and a hardened densified layer 
may be formed. This densified layer has the thickness in which applied 
stresses are more than the yield stress of the matrix. In this research a 
porous Distaloy AE material, which is a partially alloyed steel powder, 
was worn by AISI 52100 steel in a reciprocating manner. Then 
subsurface stresses derived from normal and tangential load were 
calculated. The densified layer thickness was then calculated by 
comparing these stresses with the yield stress of the matrix. The results 
are then compared with the metallographic photos and the differences are 
discussed.  
Keywords: porosity, Hertzian contact, subsurface stresses, densified 
layer 

INTRODUCTION 
When two nominally plane and parallel surfaces are brought gently together, 

contact will initially occur at only a few points. As the normal load increases, the surfaces 
move closer together and a larger number of higher areas or asperities on the two surfaces 
come into contact. In fact, when two surfaces come together, large numbers of asperities of 
different shapes and sizes are pressed into each other [1]. So for investigating the 
interaction of two surfaces, it is convenient that the simpler idealized case of single 
asperities loaded against each other be considered. Results derived for this geometry can be 
used in discussing the more complex cases and to any study of friction, wear and electrical 
contact resistance. 

If the contact is circular and there is no friction the problem reduces to one of 
normal contact first analyzed by Hertz in 1881. He first set up and solved the integral 
equations governing the boundary conditions. Nevertheless, he did not obtain the stress 
field beneath the surface. This was first done by Huber in 1904. Hamilton and Goodman 
[2,3] obtained explicit equations for the stresses beneath a sliding spherical contact, 
considering the effect of friction. It was showed that when two surfaces are brought 
together, a shear stress profile acts on the surface and subsurface. 

In the case of dry sliding wear of porous powder metallurgy parts, if these stresses 
are higher than the matrix yield strength, plastic deformation occurs and the pores will be 
closed. Thus, a densified hardened layer will arise. 
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EXPERIMENTAL DETAILS 
The studied material was Distaloy AE powder which was supplied by “Höganäs”- 

Sweden. Distaloy AE is based on the sponge iron grade SC 100.26 to which 4% Ni, 0.5% 
Mo and 1.5% Cu have been diffusion bonded. Graphite was added to the powders with an 
amount of 0.3 wt.% as the carbon source. Powders were cold pressed 683 MPa with 0.6% 
lubricant into standard flat unmachined tension test specimens for powder metallurgy 
products based on ASTM E8-01. The sample geometry has been shown in Fig.1. Sintering 
was performed in 1120ºC for 30 min in 10/90 H2/N2 atmosphere. The ASTM B328 
standard was used to obtain a porosity amount of the sample which was about 8.3%.  

 

 
Fig.1. Sample geometry (ASTM E8-01). 

Hardness values do not have a fixed amount in P/M parts owing to the existence of 
pores. Thus, after five hardness tests the average amount was reported. The tensile test was 
carried out by a 50 ton Zwick apparatus. Table 1 shows the properties of samples after 
sintering. The porosity structure of the specimen is shown in Fig.2. SEM and optical 
microscope revealed the phases, which included pearlite, ferrite, bainite and Ni rich 
austenite (Fig.3). The samples exhibit a complex heterogeneous microstructure owing to 
non uniform distribution of powder particles, incomplete diffusion of alloying elements 
during sintering and local variation in carbon concentration or cooling rate [4]. 

Tab.1. Properties of sintered sample. 

 
Theoretical 

density 
[g/cm3] 

Sintered 
density 
[g/cm3] 

Total 
porosity 

[%] 

Elastic 
modulus 

[GPa] 

Yield 
strength 
[MPa] 

Tensile 
strength 
[MPa] 

Hardness 
HV 

Distaloy 
AE + 

0.3 % C 
7.87 7.21 8.3 140 400 710 185 
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Fig.2. Porosity structure of Distaloy AE+0.3% C using optical microscope. 

 
a) optical microscope b) SEM 

Fig.3. Microstructure of Distaloy AE+0.3% C. 

A reciprocating pin on flat test apparatus was performed for wear tests. This 
testing machine is shown in Fig.4. The surface of the samples was polished 
metallographically. The samples were worn by AISI 52100 steel pin. The properties of 
AISI 52100 steel are shown in Table 2. The tests were carried out at room temperature in 
laboratory air (T = 20-22ºC and relative humidity of 30-60 %) under normal load of 30 N 
and constant sliding velocity equal to 0.2 m/s. The specimens were worn for 2 km with the 
run-in period of 200 m. After the test, the samples were sectioned perpendicular to the 
sliding direction and subsurface behavior was studied. Image analysis was also used for 
obtaining the porosity gradient beneath the surface. 

 



 Powder Metallurgy Progress, Vol.9 (2009), No 1 17 

 

 
Fig.4. Wear test machine used in this investigation. 

Tab.2. Chemical composition and properties of AISI 52100 steel. 

 Fe C Cr Mn P Si S 
Elastic 

modulus 
[GPa] 

Hardness 
HRC 

AISI 52100 
steel 

balance 
0.98 
- 1.1 

1.3 - 
1.6 

0.25 
- 

0.45 

0.025 
max 

0.15 
- 

0.35 

0.025 
max 

205 64 

 

RESULTS AND DISCUSSION 
Figure 5 shows cross sections of the worn samples. It can be seen that during wear, 

closure of pores and surface densification took place. In Figure 6 the porosity gradient 
beneath the surface has been shown on the cross section of the worn specimen. It can be 
seen that the surface densification is more intense near the surface. The causes of this 
porosity gradient existence will be discussed later. Here a method is used to predict the 
thickness of this layer, and then the calculation results compare with the test results. 
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Fig.5. Sections of Distaloy AE +0.3%C perpendicular to the sliding direction worn under 

normal load of 30 N. 

 
Fig.6. Porosity gradient beneath the worn surface. 

For simplifying the case, it is considered that two surfaces are ideally smooth, 
continuous and nonconforming in which complete contact takes place. It is first presumed 
that the surfaces are frictionless. So the contact stresses, both surface and subsurface, are 
unaffected by sliding motion. Then the effect of friction is taken into consideration. 
Although the equations of elastic contact theory are for cast or wrought parts which are free 
from pores, in the case of worn P/M parts owing to the surface densification phenomenon, 
these equations could also be used. In Figure 7 the worn surface is shown after 200 m. The 
Hertzian analysis for static loading of two single asperities can be used for the pin and 
specimen. For calculation of the subsurface effective stress profile, the elastic deformation 
of a plane (specimen) and a sphere (pin) is considered [1]. It is assumed that under the 
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normal load of W contact will occur between the two (Fig.8), this over a circular area of 
radius a given by the following equation due to Hertz (1881):  

 

3/1)
4

3
(

E

WR
a         (1) 

 
Where R is the radius of the pin and E is an elastic modulus which depends on young 
moduli E1 and E2, the modulus of the specimen and pin respectively, and the Poisson’s ratio 
υ1 and υ2 for the sphere and plane in the following way:  
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Fig.7. SEM photo of worn surface after 200 m. 

 
Fig.8. Elastic deformation of pin and specimen presses against each other under the load W. 

the radius of the contact circle is a. 
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Fig.9. The Young modulus vs. density for Distaloy AE [5]. 

For simplicity of calculating these values, it is assumed that the specimen is not 
porous and the calculations are carried out on the matrix. Then the effect of porosity is 
considered. The elastic modulus of the specimen obtained via stress-strain curves could not 
be used on the grounds that the porosity affects it. So another method should be used. 
Figure 9 shows the Young’s modulus vs. density for Distaloy AE which was given by 
Höganäs [5]. The manufacturing conditions of the Höganäs samples was exactly the same 
of specimens used for this research execpt the carbon content. However it can be seen from 
Fig.9 that carbon content does not have a great effect on elastic modulus. Since the density 
of a fully dense specimen is 7.87 g/cm3 (i.e. theoretical density) by extrapolating the elastic 
modulus to density of 7.87 g/cm3, E1 is considered 180 GPa. The elastic modulus of AISI 
52100 steel (pin) is E2 = 205 GPa. Assuming that the Poisson’ ratio is υ = 0.3 for both 
materials, for a normal load of 30 N and pin radius of R = 4.5 mm (which was measured by 
a STARRETT profile projector), the radius of elastic contact area is obtained a = 98.7 μm. 
On the surface, within the contact area the distribution of normal stress is not uniform 
(Fig.8). There is a maximum pressure pmax which occurs on the axis of symmetry. The 
resulting pressure distribution p(r) is semielliptical, i.e., of the form [6]: 

)1()(
2

2

max a

r
PrP   Where     (3) 222 yxr 

x and y are orthogonal coordinates lying in the common tangent plane to the two surfaces. 
Consequently, the stress has a maximum at the center (x=y=0) and falls to zero at 

the edges (x=a, y=0 or x =0, y=a). The maximum pressure pmax and the mean pressure 
pmean are given by [6]: 

2max 2

3

2

3

a

W
PP mean 

       (4) 

 
According to the values of a and W, the value of maximum pressure is obtained: 

Pmax = 1471 MPa. For simplification of the case, calculations will be carried out on the axis 
of symmetry(r=0). When surfaces are frictionless these stresses are given by [3]: 

 



 Powder Metallurgy Progress, Vol.9 (2009), No 1 21 

 

1

2

2

maxmax

)1(
2

1
)1arctan)(1( 

a

z

z

a

a

z

PP
yx 

    (5) 

1
2

2

max

)1( 
a

z

P
z  and: 

0 zxyzxy    

Where z is the distance from the surface ( z=0 ). 
It is obvious that on the axis of symmetry, assuming that there is no friction, the 

normal stresses are compressive and the values of shear stresses are zero. 
The effective stress based on the octahedral shear stress criterion is [7]: 

)(6)()()(
2

1 222222
zxyzxyxzzyyxH     (6) 

 
Nevertheless, in order to get the stress effectively acting on the matrix in P/M 

parts, subsurface stresses on matrix have to be divided by the fraction of load bearing area, 
Φ, owing to the presence of pores so that [8]: 


 H

equivalentH

 )(
       (7) 

The value of Φ can be calculated from the equation proposed by Šalak et al [9]: 
)043.0exp( P       (8) 

where P is the porosity, %. With considering that the porosity equals 8%, the stress 
increasing factor is 0.70. Hence, the subsurface stresses increase by a factor of 1.42 (i.e. 
Φ-1). Figure 10 shows the equivalent effective stress profile vs. depth from the surface 
based on equation 6 and 7. It can be seen that during sliding, when there is no friction, the 
maximum effective stress is not seen on the surface, but on the subsurface. It means that the 
effective stress increases under the surface down to a special depth and then decreases. For 
the above calculation it is assumed that the surfaces are frictionless.  

 

 
Fig.10. Equivalent effective stress profile vs. depth from the surface for Distaloy 

AE+0.3 % C with assuming that surfaces are frictionless. 
Hence, the contact stresses are unaffected by sliding motion. Nevertheless, in the 

presence of friction, an imposed sliding friction force will arise which affects both the 
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distribution of stresses and the contact geometry. If the two solids have the same elastic 
constants, then the tangential load which is transmitted between them will give rise to equal 
and opposite normal displacements of any point on the interface. Thus any “warping” of 
one surface conforms exactly to that of the other and does not disturb the distribution of 
normal pressure. The size and shape of the contact are then fixed by the profiles of the two 
surfaces, and the normal load is independent of the traction. With solids of differing elastic 
constants this is no longer the case, and tangential tractions do interact with the normal 
pressure so that the contact area and pressure distribution is no longer symmetrical. 
However, these effects are generally small, especially if the coefficient of friction is small, 
so that in practical cases it can usually be assumed that the stresses due to normal and 
tangential loadings are independent of one another and can be superposed to find resultant 
values [6]. 

Based on Amontons’ law [1], at every point at the surface this tangential stress is 
given by: 

)()( rPrq         (9) 

 
So on the surface: 
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In the subsurface, the stresses derived from friction (i.e. tangential load) can be 

obtained from the work of Hamilton [3]. In the axis of symmetry, where r=0, all of the 

stresses are zero except zx , which is: 
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The dynamic friction coefficient was measured as the average of the coefficient of 

friction in the steady state regime which was μ = 0.70. This tangential stress affects both 

distribution of stresses and the contact geometry. By entering zx into equation (6), and 

using the equation (7) for porous materials, the equivalent effective stress considering the 
friction force can be obtained. Figure 11 shows the equivalent effective stress vs. depth 
from the surface in the presence of friction. It can be seen that as the friction force arises, 
the maximum effective stress comes to the surface and become more intense. The densified 
layer actually has a thickness in which the effective stress is greater than the matrix yield 
stress. For calculating the yield stress of the matrix we used equation (7). Indeed, since the 
yield strength of the porous material is 400 MPa, the yield strength of the matrix (i.e. the 
fully dense sample) is approximately 400/0.70 = 571 MPa.  
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Fig.11. Equivalent effective stress profile vs. depth from the surface for Distaloy AE+0.3% C. 

The yield strength line is added to Fig.11. Down to a depth of nearly 150 μm the 
applied stresses are more than the yield strength of the matrix. Therefore, the matrix yields 
and closure of the pores results in surface densification. Since we assume that the matrix 
has a homogeneous structure and uniform yield strength, the calculated densified layer 
thickness has a unique value of 150 μm. But by referring to Fig.5, it could be seen that the 
real densified layer thickness has variable amounts with an average of nearly 150 μm. The 
thickness does not have a fixed value on the grounds that the microstructure is completely 
heterogeneous. The presence of softer phases like ferrite increase this thickness. On the 
contrary, harder phases like pearlite and bainite decrease the plastic deformation. It should 
be noticed that the amount of variable Φ depends on the amount of porosity. Since with 
approaching the surface the porosity increases (Fig.6) the amount of Φ is not unique. In 
Figure 12 the amount of Φ vs. depth has been depicted based on the porosity amount which 
is obtained by image analysis. It can be seen that the amount of Φ is increased to 0.9 near 
the surface.  

 

 
Fig.12. The amount of N vs. depth based on the porosity amount which obtained by image 

analysis. 
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Nevertheless, since the impact of this change (0.7 to 0.9) on the stress intensity 
factor (i.e.Φ-1) is not noticeable, it could be neglected. Figure 13 shows the absolute values 
of friction stress vs. depth which both normalized by pmax and a respectively for different 
values of μ based on equation (11). It is clear that for a depth greater than elastic contact 
area radius (z=a) the values of friction stress are low. So the friction force could not affect 
the densifying of the layers below z=a and its effect could be neglected on these layers. 
Consequently, in the case that the thickness is more than the radius of elastic contact area, 
the densifying of layers below z=a is carried out only by normal load. The hardness profile 
of the sample has been shown in Fig.14. It can be observed that the hardness increases as 
we approach to the surface. The surface layers become harder owing to closure of the pores 
and work hardening of the matrix. 

 

 
Fig.13. The absolute values of friction stress vs. depth which both normalized by pmax and a 

respectively. 

 
Fig.14. Hardness profile of Distaloy AE+0.3 %C worn under normal load of 30 N. 

Since with the presence of friction the maximum exerted stress is on the surface, a 
yield criterion for superficial layers could be obtained. When the stresses on the surface 
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reach the yield stress of the matrix, plastic deformation will begin. Using the equations 4 
and 10 the amount of stress on the surface is calculated. With regards to the equation (6) the 
effective stress is: 

22
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If this stress is more than the yield stress of the matrix )( )(matrixyH   , plastic 

deformation will take place, so: 
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Where y  is the yield stress of the porous material. Consequently the surface densification 

begins when: 
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CONCLUSIONS 
During dry sliding wear of porous powder metallurgy parts, based on the stresses 

that were exerted by the counterbody on the surface, plastic deformation and closure of the 
pores occur on the surface. By applying the related equations the effective stress profile 
beneath the surface can be obtained in the presence of friction. The thickness of the 
densified layer is the depth at which the effective stress is more than the yield stress of the 
matrix. The densified layer thickness is actually a function of normal load, elastic muduli of 
the sample and counterbody and sample yield stress. But the most representative feature of 
P/M parts which affects the densified layer thickness is the fraction of porosity. With an 
increasing of the porosity amount this thickness increases because subsurface stresses are 
intensified due to a decreasing load bearing area. Although the value obtained from the 
calculation is unique, the densified layer thickness varies due to heterogeneous structure 
and the presence of both softer and harder phases together. Hardness of the densified layer 
also increases owing to the closure of the pores and work hardening of the matrix after 
intense plastic deformation. 
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