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ABSTRACT 
 
Selective densification can be an appropriate way to fulfill high demands on rolling contact fatigue 
(RCF) resistance of P/M materials for gear applications. Pre–alloyed P/M materials were tested us-
ing the ZF-RCF test. Reference material was low-alloyed case hardened steel DIN 16MnCr5 
(AISI 5115) commonly used for gear applications. Test samples, rollers ∅30X30 mm, were pressed 
from different test materials as cylinders, machined to an oversize compared to the finished roller, 
selectively densified on a rolling machine and finally heat treated in different ways. The tested roll-
ers were characterized with respect to microstructure, mechanical properties, and surface 
characteristics. Damage mechanisms were examined and failure analyses were performed on the 
rollers in order to trace crack initiation and propagation. 
 
INTRODUCTION 
 
Highly loaded sintered components for structural applications are becoming more and more popular 
in e.g. automobiles. One of the major reasons behind this advance is that in addition to the traditional 
P/M strong points, cost and dimensional tolerances, the strength and fatigue properties have also 
been improved. The use of higher densities (>7,2 g/cm3) through improvements in compaction tech-
nology (e.g. Warm compaction) and improvements in powder quality have improved the properties 
to levels that were previously difficult to reach. One method to reach even higher densities is to den-
sify the P/M body in the areas with the highest load [1-7]. This is particularly efficient for parts sub-
jected to bending loads or high surface pressures, since the stress in the component decreases rapidly 
from the surface and into the center. One such class of components is gears [1, 4]. The gear root is 
loaded in bending and failures from fatigue in the tooth root are frequent. Another frequent type of 
failure is by pitting of the gear flank. By densifying the root and the gear flank to very high or full 
density the gear life can be improved significantly [1-4, 9].  
 
Failures due to high contact pressures are almost always a fatigue or wear process. A test that simu-
lates the tooth flank wear- and contact fatigue process is the rolling contact fatigue test by Zahnrad-
fabrik Friedrichhafen AG, called ZF-RCF test [10, 11]. In the present work materials aimed for sur-
face densified gear applications are tested in rolling contact fatigue. Since the test method is rather 
specific to the geometry and running conditions, it is important to compare the test results with data 
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recorded under similar conditions and with the same equipment [10]. A material frequently used for 
mass-produced high performance transmission gears is the case hardening steel DIN 16MnCr5 
(AISI 5115). This material is used in the present report to benchmark the performance of the surface 
densified P/M steels.  
 
Rolling contact fatigue tests on PM material have been reported by e.g. [3, 6, 7-9, 11-18]. It can be 
seen that the improvement in RCF endurable Hertzian pressure with a probability of survival of 50% 
is strong with increasing density up to a density of about 7,1-7,3 g/cm3. In some cases [12, 15] it can 
be seen that the endurable Hertzian pressure drops above this density. At very high densities the en-
durable Hertzian pressure is higher again [12]. This phenomenon has been reported by [12] and the 
reason for this behavior is supposed to be the transition from open porosity network to a closed po-
rosity. The open porosity allows the oil to penetrate the porous body without building up a high hy-
drostatic pressure. In this type of material cracks initiate below the surface and eventually grow to-
wards the surface and cause pitting damage. When the porosity consists of (mainly) closed pores, the 
hydrostatic pressure can reach very high values just below the surface. In this case the pitting dam-
age starts by cracks initiating at defects at the surface (pores, scratches, etc) followed by oil pressure 
assisted propagation from the surface towards the interior. Due to the sliding action (friction) the 
cracks propagate at an angle (approximately 30o) from the radial direction. The cracks eventually 
link up to form a pitting damage.  
 
The present work aims at investigating the rolling contact fatigue behavior of some selectively den-
sified materials and compare with a wrought reference material. 
 
EXPERIMENTAL 
 
Four fully pre-alloyed base powders were used in this study, Astaloy Mo, Astaloy A, Astaloy 85Mo 
and Astaloy CrL as shown in Table I. The first material has been used in a previous study [18] and is 
included as a reference. The requirements on materials for surface densification have been discussed 
in e.g. [4, 6, 19]. 
 

Table I. Composition of the investigated materials (weight %). 
Code Material Standard 

designation
%Gr %Cr %Ni %Mo %Mn %Si 

A Astaloy Mo - 0.60 - - 1.50 0.10 - 
B Astaloy A 4600 0.30 - 1.9 0.55 0.20 - 
C Astaloy 85 Mo 4400 0.20 - - 0.85 0.10 - 
D Astaloy CrL - 0.25 1.50  0.50   
R DIN 16MnCr5 / AISI 5115 0.16 0.80 - - 0.8 0.25 

 
Test samples were prepared as ZF-RCF rollers ∅30X30 mm from test materials as above. The roll-
ers were first pressed as ∅31mm cylinders to a density between 7.0 and 7.2 g/cm³ as shown in Table 
III. The sintering was performed in a mesh belt furnace at 1120 oC (2050 oF) in a mixture of 90% N2 
and 10% H2 for 30 minutes. The specimens were then turned into a shape slightly larger than the de-
sired specimen geometry. The sintered rollers were machined to a slight oversize compared to the 
finished roller as shown in Table III.  
 
The rollers were then densified in a rolling machine and finally heat treated in different ways. All the 
materials except D were case hardened using standard equipment and endo-gas type atmosphere. 
Material D requires the use of low-pressure carbonization due to its sensitivity to oxidation. Material 
B was divided into two groups: the first, B1, was case hardened in a standard way using a solution 
temperature of 920 °C (1688 °F) and an appropriate soaking time to produce the case depth of 0.5 
mm. After the solution treatment the rollers were quenched in oil bath at 80 °C (172 °F). A temper-
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ing at 160 °C (320 °F) for 60 min followed the treatment. The B2 material was first heat treated in 
the same way as B1 and then case hardened again using the same parameters except for the solution 
treatment time that was adjusted so that the total time (including treatment 1) should give a case 
depth between 1,5 and 2 times that of the first treatment. (B1).  
 
The rolling contact fatigue test used here is an accelerated type test described by e.g. [10-12]. The 
test bench is schematically shown in Figure 1. A test roller specimen comes into contact by three 
counter load rollers, shifted by 120°, so that the loading frequency is three times the rotational veloc-
ity. A hydraulic loading system presses the counter rollers onto the specimen and in this way provide 
the normal contact loading. A gear drive adjusts the relative sliding between the specimen and 
counter rollers. An accelerometer is fitted to the machine structure. When a piece of material falls 
off from the specimen it causes a vibration that the accelerometer records. When the vibration level 
exceeds a preset value the machine is stopped.  
 

 
Figure 1. A schematic view of the test and load roller in the contact [12]. 

Table II. RCF-test particulars. 
Specimen roller diameter d= 30 mm 

Ra ≤ 0.2 µm, 
Load roller D = 70 mm 

Ra ≤ 0.50 µm, Rq ≤ 0.65 µm, Rmax ≤ 2.0 µm (ground surface) 
Line contact width 5±0.1 mm 

Hertzian pressure 1400-2500 MPa (calculated for E = 206 000 MPa) (203-362 ksi) 
 

Load frequency  72s-1 (1440 RPM) 

Relative sliding - 24% (0.535 m/s) 

Lubricated oil Gearbox oil SAE 80W EP 
API GL-4, MIL-L-2105, FZG A/8.3/90: >12 

Oil temperature 80°C 

 
A test run is terminated when run-out or one of RCF-failure criteria i.e. pitting, excessive wear rate 
or excessive crack propagation has occurred. A run-out is defined as a specimen running more than 
20 million cycles without causing a pitting damage that is large enough to stop the machine. Nor-
mally a few tests are performed at two levels where failure is ensured and one level close to the 50% 
endurable Hertzian pressure. Once the finite life curve is established it is possible to either run a few 
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at a safe level or to start a staircase evaluation (in case of failure decrease the load of the next speci-
men; in case of a run-out increase it). In order to find an approximate level of the performance of a 
material, approximately 15 points are needed. Some further details of the RCF testing are found in 
Table II. 
 
The tested samples were examined with respect to surface roughness and wear mechanisms. The ap-
pearance of the pitting damage was visually investigated. By using metallography, the microstruc-
ture of the tested rollers was assessed. Hardness tests were used to characterize the case hardening. 
 
RESULTS 
 
The densification of the rollers was examined using metallography. Figure 2 shows the density dis-
tribution in the axial plane. The densified layer extends outside the loaded surface. The densification 
in the radial direction can be seen as dotted lines in Figure 3. Material C has the deepest densifica-
tion of all the materials. It is followed by materials D, A and B in that order. Selected densification 
parameters and densification depth are shown in Table III. The densification depth is defined as the 
distance from the surface to where the density drops below 98% of full theoretical density. 
 

 
Figure 2. Metallography of an axial section of material C, Astaloy 85Mo + 0.2%C, in the as-polished condi-
tion. The contact track is the 5 mm wide flat (cylindrical) section seen at the top center. 

 
It should be recognized that if the pitting damage initiates at a pore near the surface, a very low 
number of pores are sufficient to lower the endurable Hertzian pressure significantly. The number of 
such pores is very difficult to measure reliably using automatic image analysis methods. Instead, the 
amount and character of these pores were compared and ranked as shown in Table IV. In this table, 
observations on the changes in microstructure that occur during the testing are described.  
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Table III. Selected properties of the investigated materials. 
Cod

e 
Material Standard 

designa-
tion 

SD 
(g/cm³) 

Over meas-
ure 

(mm) 
(inch) 

Densifica-
tion depth 

(mm) 
(inch) 

Case depth 
(mm) 
(inch) 

Surface 
hardness 
HV0.1 

A Astaloy Mo - 7.2 0.3 
(0.013) 

0.9 
(0.35) 

-* 940 

B1 Astaloy A 4600 7.2 0.3 
(0.013) 

0.8 
(0.032) 

0.50 
(0.020) 

880 

B2     0.8 
(0.032) 

0.75 
(0.029) 

830 

C Astaloy 85 
Mo 

4400 7,0 0.5 
(0.020) 

1.2 
(0.047) 

0.75 
(0.029) 

949 

D Astaloy CrL - 7,0 0.5 
(0.020) 

1.1 
(0.043) 

0.70 
(0.028) 

900 

R DIN 16MnCr5 / AISI 
5115 

7.9 - -   

* Core hardness > 600 HV0.1. 
 
As seen in Table III and Figure 3 a-d the case depth is around 0.70-0.75 mm for all the specimens 
except A and B1. This case depth correlates to the “rule of thumb” that says that the case depth 
should be approximately 0.15 – 0.20 times the normal module. The present roller test corresponds to 
a module of 4, thus requiring a case depth of 0.6 – 0.8 mm. The case depth of the B1 material is on 
the low side, but actually still within the normal tolerances of ±0.2 mm. The material A with its 
higher carbon content in the core is always above 550 HV0.1 so a case depth cannot be defined. The 
surface hardness varies between 930 HV0.1 for the materials A and C to 810 HV0.1 for the B2 ma-
terial. This material has been subjected to a double heat treatment and it is evident that although car-
bonization was achieved, the surface and core hardness dropped compared to B1. The scatter in the 
micro hardness is associated with the homogeneity of the microstructure. Material A has a very uni-
form martensitic microstructure at the surface and consequently a low scatter. The scatter increases 
as bainite starts to form deeper into the material. The scatter in hardness is high at the surface and in 
the core for the B1 and B2 materials. At the surface this is believed to be caused by the presence of 
retained austenite, while the scatter deeper into the material again is associated with the formation of 
bainite. 
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a) Material A 

Material B1
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b1) Material B1 
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b2) Material B2 
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c) Material C 
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d) Material D 

Figure 3. Combined micro hardness profile and density distribution diagram for material D. The solid line 
indicates the micro hardness (HV0.1). The shaded area is the ±1σ scatter band. The broken line shows the 
local relative density measured by image analysis. 

 
Material C has a low scatter at all depths from the surface. The reason for this low scatter is not 
clear. However, the microstructure at the surface is martensitic with some retained austenite. At 
some distance from the surface bainite starts to form. Material D is different from the others in that it 
was case hardened using a low-pressure carbonization method followed by gas quenching. However, 
the microstructure follows the same pattern as the others with the exception that a few carbides are 
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found in the region near the surface. At the surface the scatter in hardness is relatively high, a fact 
that is attributed to the presence of retained austenite, and carbides in the martensite. Further into the 
material the scatter decreases and remains at a relatively low level. 
 
Figure 4 shows the S/N diagram of material A-D. In diagram 4a it can be seen that the regression 
line for the material A is quite close to the reference material. The endurable Hertzian pressure at 
100 106 cycles reaches 1550 MPa compared to the 1600 MPa for the reference. The performance of 
the two materials B1 and B2 is remarkably similar taking into account the difference in case depth, 
as can be seen in Figures 4b1 and 4b2. It appears that the B2 material is better but considering the 
low number of tests this is not an undisputable fact. Furthermore, the B2 material exhibits a different 
failure mechanism for some of the rollers. Large breakouts are formed instead of the ordinary pitting 
damage. Material C exhibits a lower endurable Hertzian pressure compared to the other materials. 
The number of tests is not sufficient to establish an endurable Hertzian pressure with an acceptable 
degree of confidence but around 1200-1400 MPa is a likely level. The number of tests for the mate-
rial D is even smaller, making any definite statements on the endurable Hertzian pressure difficult, 
but this material should be somewhat higher compared to material C. 
 
The failure criterion used when running the tests is that a surface pit is formed that is large enough to 
cause vibrations that exceed a pre-set level. Figure 5 shows typical pitting damage for the tested ma-
terials. All specimens failed through pitting damage. The typical pitting damage is almost as wide as 
the contact surface and usually extends a small distance outside the contact surface (Figure 5 a-f). 
However, the material B2 shows two types of pitting as shown in Figure 5c. Damage that is of the 
same size as the other materials and in a few cases a breakout of material that is very much larger 
than the normal pitting. This damage is approximately twice as deep as the normal damage and runs 
below the densified zone and extends outside the densified region. 
 
The observations of porosity near the surface and of microstructural changes during testing are 
summarized in Table IV. From the metallographic investigation stresses and temperature induced 
phase transformations, so-called butterflies were found in all materials except in material A. It is 
generally observed that there are a higher number of butterflies and especially a higher number of 
large butterflies for a higher load compared to a lower load. The butterflies can be divided into three 
different groups where the two first ones appear in all materials and the third one only appears in 
material D. The first group consists of very small butterflies of a size of ~5 µm and they appears at a 
depth at 0.05-0.25 mm from the surface as shown in Figure 6a. They mainly appear in connection 
with a pore. The second group of butterflies is somewhat larger, around 15-35 µm in size, and is 
usually found deeper into the roller at a depth of 0.25-0.8 mm from the surface. They also appear in 
connection with pores or cracks as shown in Figure 6b. In materials B2 and C pore clusters were 
found in the densified zone and it was at these pores the butterflies were found. Figure 6c shows 
both small and large butterflies in a cluster zone of material C. The third group of butterflies appears 
in connection with dark areas in the martensite. These areas have the appearance (and hardness) of 
lower bainite, but have been formed during the testing. Figure 6d shows the transformed material in 
the vicinity of a butterfly. 
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Table IV. Microstructural observations on the tested materials. 
Material 

Load,  
no. of cycles 

Surface porosity Micro structural features 

A 
1600 MPa,  
43,8 106 cycles 

Intermediate number of 
near surface pores. 
Ranked as no 3. 

A few carbides are found in the near surface region. The 
shape is relatively round and they are usually isolated, but 
located in the grain boundaries. No butterflies or other mi-
crostructural changes due to the testing are found in these 
specimens. 

B1 
2500 MPa,  
1.7 106 cycles 

Butterflies are found 0.05 to 0.5 mm below the surface. 
They are found both at pores and at cracks. The butterflies 
found at the surface are small (≈5 µm) while they are lar-
ger further into the roller. A few long and very long butter-
flies are found near cracks. 

B1 
1600 MPa,  
12 106 cycles 

Intermediate number of 
near surface pores. 
Ranked as no 2. The 
pores appear in clusters. 
The effect is not as 
strong as in B2 and C. 

Butterflies are found 0.05 to 0.5 mm below the surface. 
They are found both at pores and at cracks. The butterflies 
found at the surface are very small (≈5 µm) while they are 
larger (15-35 µm) further into the roller.  

B2 
2500 MPa,  
1.9 106 cycles 

Butterflies are found 0.1 to 0.8 mm below the surface. 
They are found both at pores and at cracks. The butterflies 
are relatively small (≈5 µm). Large butterflies are found 
near cracks (50 µm or larger). 

B2 
1600 MPa,  
51 106 cycles 

Intermediate number of 
near surface pores. 
Ranked as no 4. The 
pores appear in clusters. 

Butterflies are found 0.05 to 0.25 mm below the surface. 
They are found both at pores and at cracks. The butterflies 
found at the surface are very small (≈5 µm) while they are 
larger (15-30 µm) further into the roller. 

C 
2000 MPa,  
1.7 106 cycles 

Butterflies are found 0.1 to 0.5 mm below the surface. 
They are found both at pores and at small cracks. They are 
associated with the pore clusters. The size varies from 
small to large. 

C 
1600 MPa,  
19 106 cycles 

Highest number of near 
surface pores. Ranked as 
no 5. The pores appear in 
clusters. The clustering 
effect is strong. 

Butterflies are found 0.03 to 0.35 mm below the surface. 
They are found both at pores and at small cracks. The but-
terflies found at the surface are extremely small (<5 µm) 
while they are larger (15-35 µm) further into the roller. 

D 
2000 MPa,  
1.7 106 cycles 

Lowest number of near 
surface pores. Ranked as 
no 1. 

In this material the butterflies are associated with another 
microstructural change. It appears as if the martensite 
breaks down into a structure with the appearance of lower 
bainite. At these sites butterflies can be found. It is possi-
ble that small cracks exist at these positions. A few car-
bides were found near the surface. 
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 c) Material C. d) Material D.  

Figure 4. S/N curve of the tested materials. The filled circles indicate failures while the open circles show run-
outs. The solid line is a regression line through all the points. The performance of the reference material DIN 
16MnCr5 (AISI 5115) is indicated by the broken line. 
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a) Material A 

 
b) Material B1 

 
c) Material B2 

 
d) Material B2 

 
e) Material C 

 
f) Material D 

Figure 5. Macro photograph of typical pitting damage on the tested materials. The tested contact surface is 
seen as a vertical band. This band is approximately 5 mm wide. Notice that a) is at a higher magnification 

 
DISCUSSION 
 
Material A exhibits the best RCF performance of the tested materials. There are two factors that are 
unique for this material. The core hardness is much higher (400 HV0.1) compared to the other mate-
rials (~270 HV0.1). This material does not exhibit any stress and temperature induced phase trans-
formation. It is not possible, with the available material, to unambiguously identify the reasons or 
mechanism responsible for the good performance. 
 
It was anticipated that the deeper case depth of B2 compared to B1 would give a better endurable 
Hertzian pressure. However, it appears that this is not the case. Several factors may have a signifi-
cant influence on this behavior. If both the heat treatments are considered the carbonization of B2 
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was performed totally four times as long as B1 in total. In theory, this should result in a case depth 
twice as deep as B1. In reality only a 50% increase was achieved. The reasons behind this apparent 
lack of carbonization could be a factual lower carbonization rate in the second heat treatment. The 
microstructure is very similar in the two cases considering the deeper carbonization of B2, it appears 
reasonable to attribute the lower hardness to a higher degree of tempering. It can be speculated that 
the large breakouts found in the B2 material could be attributed to the soft-core material, since the 
crack path was just inside the densified layer.  
 
Another factor that reinforces the danger with a low ratio between densification depth and case 
depth is the residual stresses formed during the heat treatment. If the densification depth is much 
larger than the case depth the compressive stresses generated by the case hardening in the near sur-
face zone can be balanced by tensile stresses inside this zone. However, if the densification is to 
shallow, the compressive stresses will form in the densified layer, leaving the un-densified material 
inside this layer to cope with the tensile stresses. These stresses are lower in magnitude compared to 
the compressive stresses closer to the surface, but spread over a larger volume. During testing this 
area will undergo a stress cycle that shifts from positive to negative stresses, albeit at a lower abso-
lute level compared to the near surface region. 
 

 
a) Material B1, small butterfly. The butterfly is the 

white area directly above a pore.  

 
b) Material B1, “Large” butterflies located at pores.  

 
c) Material C, the butterflies are white spots directly 

associated with the pores and cracks 

 
d). Material D, the butterfly is the white area in the 

center of the micrograph. Typical dark areas are found 
near the butterflies 

Figure 6. Metallographical views on butterflies near the surface of rollers. The butterflies are the white 
spots/areas. Etched in nital/picral. 
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The performance of material C is somewhat of a disappointment. It has the deepest densification of 
all the tested materials. The desired carbonization profile was accomplished and the surface hardness 
is among the highest. All these factors should contribute to a good rolling contact performance. 
However, although the total amount of residual porosity near the surface is very low, it tends to form 
clusters. It has been observed that butterflies tend to form in these clusters, possibly acting as an ini-
tiation site for cracks. By comparing with material A it can be noted that material C is harder from 
the surface and approximately 0.6 mm into the roller. In other words material C is harder in the re-
gion where crack initiation and propagation takes place. The depth of densification is in both cases 
sufficient to support the outer carbonized layer. However, in the case of material A the residual po-
rosity is relatively uniformly distributed in contrast to the clustering of material C. The reasons for 
the clustering are at this point not clear. 
 
Although Material D exhibits a moderate endurable Hertzian pressure of 1400 MPa it is believed 
that this figure could be improved by performing a better case hardening cycle. Carbides where 
found near the surface of the rollers. By a better control over the carbonization cycle these carbides 
can be avoided without loosing surface hardness. Adding more graphite into the powder mix could 
also raise the core hardness. In this material dark areas are found at the butterflies. The appearance 
of these areas looks like lower bainite in the optical microscope. However, it has not been possible 
to identify the phases present in the dark areas. 
 
CONCLUSIONS 
 
An optimized case hardening process is very important for the endurable Hertzian pressure. A high 
surface hardness, optimum carbon profile and relatively high core hardness are important parame-
ters. The near surface region must be free from carbides, oxides, slag and pore clusters. 

o Material A, Astaloy Mo, exhibits the highest endurable Hertzian pressure among the tested 
materials. It reaches 1550 MPa.  

o Material D, Astaloy CrL, reaches the second highest endurable Hertzian pressure reaching a 
value of approximately 1500 MPa.  

o The presence of pores or pore clusters near the surface is very detrimental for the endurable 
Hertzian pressure. 

o Astaloy Mo does not exhibit a phase transformation that can be associated with the initiation 
of cracks that eventually form pitting damage. 

o For material B, Astaloy A, and material C, Astaloy 85Mo, the formation of butterflies is asso-
ciated with the breakdown of the martensitic microstructure and eventually with crack initia-
tion. Most of these butterflies nucleate at pores or small cracks. 

o In addition to the normal appearance of the butterflies found in Material D, Astaloy CrL, a 
dark region with the appearance of lower bainite can be found.  
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