
 

 

 

 

 

 

AXIAL FATIGUE PROPERTIES OF LEAN Fe-Mo-Ni ALLOYS 
 

Peter Sokolowski, Kylan McQuaig, and Bruce Lindsley 

 

Hoeganaes Corporation 

Cinnaminson, NJ 08077 

 

 

 

 

 

 

 

 

 

ABSTRACT 

 

This work explores the static mechanical properties and axial fatigue performance of leaner 

alloys for the automotive industry.  Building on prior work related to heat-treated mechanical 

and axial fatigue properties, lean alloys based on 0.3 or 0.5 w/o Mo are examined. These 

materials are first evaluated over a range of admixed Ni content in order to determine an optimal 

chemical composition in the heat-treated state. Properties examined include transverse rupture 

strength and impact energy at a density of 7.0 g/cm
3
. Through this evaluation, it was determined 

that an alloy with a composition of 0.3 or 0.5 w/o Mo + 0.5 w/o Ni + 0.6 w/o graphite provided 

equivalent heat-treated mechanical properties as FN-0205. Furthermore, the alloying method for 

both Mo and Ni is considered in order to provide a comparative study on admixing, diffusion 

alloying, or prealloying in Fe. This investigation covered transverse and crush strength in the oil 

quenched and tempered condition over a range of densities using a composition of 0.5 w/o Mo + 

0.5 w/o Ni + 0.6 w/o graphite. Finally, axial fatigue analysis was completed to better understand 

how alloying method influences the endurance limit of this lean alloy composition. The results 

indicated that a fully martensitic microstructure aided by alloy rich regions at sinter necks 

increases fatigue performance at higher stress loads than a fully martensitic structure alone. 

Additionally, the diffusion bonded material had a more heterogeneous microstructure and was 

found to have a slightly lower fatigue endurance limit (FEL) compared with the prealloy and 

hybrid as a result of having a reduced amount of martensite present. 

 

INTRODUCTION 

 

It is well recognized that increasing alloy content in PM materials leads to an increase in 

mechanical properties. This has been the basis for selecting an alloy composition to meet 



requirements for a given application and guarantee a factor of safety is met in the design stage of 

a part. Generally, this is the case for as-sintered parts; however, for parts that are subjected to 

conventional quench and temper heat treatments which utilize more rapid cooling rates, less 

alloy can be used to provide a hardened, martensitic component. Historically, a large amount of 

prealloyed molybdenum, typically 0.85 to 1.5 w/o, has been used for robust processing to 

achieve the desired transformation with ease [1] [2]. Over the past decade, though, lower Mo 

steels at 0.3 or 0.5 w/o have been introduced to accommodate the economic demand for lower 

cost alloys and promote optimization of chemical composition to part size based on the 

application requirements. 

 

The addition of prealloyed Mo in steel suppresses ferrite formation during cooling and allows 

transformation to martensite at slower cooling rates. Therefore, the amount of Mo in steel can be 

tailored to allow parts with thicker cross-sectional areas to be through hardened since larger parts 

experience slower cooling rates. To demonstrate the effectiveness of prealloyed Mo to promote 

martensitic transformation, Figure 1 compares the oil quenched and tempered microstructure in a 

6 mm x 7 mm test bar compacted to 7.0 g/cm
3
 with a composition of (A) plain carbon steel, F-

0005, (B) FN-0105, and (C) FL-3905. The cooling rate was sufficient in this small test sample 

that the F-0005 composition was partially transformed to martensite with the remaining structure 

a mixture of bainite and fine pearlite. With the addition of 1 w/o admixed Ni, Figure 1 (B), there 

was not enough Ni diffusion at a sintering temperature of 1120 °C to completely transform the 

microstructure to martensite. Conversely, as little as 0.3 w/o prealloyed Mo in steel results in a 

completely through-hardened structure when evenly distributed throughout the matrix and 

rapidly cooled, as seen in Figure 1 (C). 

 

   
Figure 1: Oil quenched and tempered microstructure of (A) F-0005, (B) FN-0105, and (C) FL-

3905; etched using 2 v/o nital - 4 w/o picral 

 

Ni is known to increase toughness and strength and is commonly utilized with nominal additions 

of 2 to 4 w/o in PM steels. Work by Cias and Doan [3], though, indicated that only 0.7 w/o Ni 

was needed to noticeably improve the effectiveness of Mo for increasing hardenability by 

A B C 



delaying the austenite to ferrite transformation, when uniformly distributed. It is not clear, 

however, how much alloy is required to achieve desired properties for a given application. This 

leads to a belief that traditional alloying levels can and should be reduced to optimize 

performance and cost. Based on this analysis, a study was carried out to determine the viability 

of a leaner alloy system to provide appropriate mechanical properties in the heat-treated 

condition. 

 

Through the development of leaner alloyed materials, many mechanical properties have been 

studied and reported on for distribution within the PM industry. The majority of this information 

has been focused on static behavior while the dynamic properties of these materials have been 

addressed in limited amount [4] [5]. It is well established that porosity is a controlling factor in 

fatigue response [6] for PM materials and achieving a higher density is one way to increase 

fatigue performance as a first approach. In many cases, reaching a higher density may not be 

plausible due to material or economic variables preventing high density processing. In light of 

this, there still exists the need to better understand the dynamic behavior of these leaner alloy 

systems and determine how or if the alloying method impacts heat-treated fatigue properties. 

 

There are several good reviews on fatigue behavior of sintered PM steels which address the 

influence of porosity, pore shape and size, and chemical composition [6] [7] [8]. At higher 

densities, it was found that the microstructural phases can be as influential as porosity with 

respect to fatigue behavior and crack growth. It has been shown that inhomogeneities in the as-

sintered microstructure can lead to increased crack path tortuosity. For this reason, it was 

suggested that a more heterogeneous structure is better at impeding crack propagation and 

therefore beneficial to fatigue performance [7] [8]. It is also known that martensitic 

microstructures substantially increase fatigue endurance limits due to the inherently high strength 

of the structure, yet also exhibits the highest fatigue crack growth rate [7]. Therefore, once the 

material strength has been compromised, the crack propagates quickly with little to no 

interference or tortuous path to slow its progress. Since conventional heat treating is used to 

produce a martensitic structure, it is unclear if having a homogeneous martensitic structure or a 

more heterogeneous structure is advantageous for fatigue performance when the main constituent 

is martensite. This work aims to further understand the behavior of leaner alloys in the heat-

treated state and determine how alloying method influences fatigue response for these systems. 

 

EXPERIMENTAL PROCEDURE 

 

Commercially available powders from Hoeganaes Corporation including Ancorsteel
 
1000B, 

Ancorsteel 30 HP, Ancorsteel 50 HP, Ancorsteel 85 HP, and Ancorsteel 2000, were used as the 

base alloys for this study, as listed in Table 1. Following standard laboratory practice, premixes 

using each base alloy were prepared with 0.75 w/o Acrawax C lubricant, 0.6 w/o Asbury 3203H 

graphite, and Inco Type 123 Ni. A diffusion alloy, FD-0105, based on A1000B was also 

included in this study. Transverse rupture strength (TRS) bars and unnotched Charpy impact bars 

were compacted to 7.0 g/cm
3
 green density for determining mechanical properties. Select 

compositions were evaluated over a range of compaction pressures, and hence density, as well. 

 

 



Table 1: Nominal composition of base alloys studied (in w/o) 

MPIF designation Base Alloy Fe Mo Ni Graphite 

F-0005 Ancorsteel 1000B Bal. - - 0.6 

FL-3900 Ancorsteel 30 HP Bal. 0.3 - 0.6 

FL-4005 Ancorsteel 50 HP Bal. 0.5 - 0.6 

FL-4405 Ancorsteel 85 HP Bal. 0.85 - 0.6 

FL-4205 Ancorsteel 2000** Bal. 0.45 0.5 0.6 

FD-0105 Ancorsteel 1000B Bal. 0.5* 0.5* 0.6 

*diffusion bonded; **0.25 w/o prealloyed Mn present 

 

The test bars were sintered in a continuous-belt furnace at 1120 C (2050 F) for 15 minutes at 

temperature using a mixed atmosphere of 90 v/o nitrogen and 10 v/o hydrogen (90/10). All 

samples were heat treated by austenitizing at 900 °C (1650 F) for 45 minutes in synthetic 

dissociated ammonia, followed by quenching in a 65 °C (150 F) circulating oil bath. After 

hardening, the samples were tempered at 205 °C (400 F) for one hour. The sintered density and 

apparent hardness were determined on TRS bars following MPIF Standards 42 and 44 [10]. 

Ultimate tensile strength (UTS), impact energy, and TRS analysis adhered to MPIF Standards 

10, 40, and 41[10]. Crush strength was determined following MPIF Standard 55[10]. Sintered 

carbon values were measured using a Leco 200 carbon-sulfur combustion gas analyzer with 

reference standards run before and after test samples. All sintered and heat-treated carbon 

contents were measured to be within 0.54 ± 0.02 w/o. 

 

To measure heat-treated fatigue properties, rectangular blanks (10 mm x 10 mm x 75 mm), 

compacted to 7.0 g/cm
3
, were sintered and then machined into cylinders with a 9.62 mm 

diameter and a 75 mm length. The cylindrical bars were then heat treated and tempered under the 

conditions previously mentioned. The final sample dimensions and surface finish were 

equivalent to specifications for rotating bending fatigue (RBF) specimens provided in MPIF 

Standard 56 [10], and conforming to ASTM E466 – 07 [11] as previously reported [4]. After 

machining to size, the cylindrical axial fatigue bars were stress relieved at 177 °C (350 °F) for 

one hour prior to testing. Axial fatigue testing was carried out using a servo hydraulic MTS 

machine, model 810. All tests were performed at a frequency of 60 Hz and stress ratio of -1. The 

fatigue endurance limit (FEL) was estimated based on the applied stress to achieve a runout, 

similar to performing a staircase method. The runouts were defined as 2 x 10
6
 cycles with no 

failure. 

 

RESULTS AND DISCUSSION 

 

Leaner alloy selection 

 

An initial evaluation of select alloys listed in Table 1 was performed in order to determine the 

impact of small changes in chemistry on mechanical properties and define a more optimal 

composition for heat-treated applications. This evaluation was performed on plain carbon steel 

(F-0005) and prealloyed Mo steels (0.3, 0.5, and 0.85 w/o Mo contents) using a range of 0 to 2 

w/o admixed Ni with 0.6 w/o graphite. The investigation included as-sintered and heat-treated 



transverse rupture strength (TRS) and impact energy. The as-sintered TRS, Figure 2, indicates 

that gradually adding Ni content from 0 to 2 w/o results in an approximate 30% increase in TRS. 

This linear trend was found for all alloys. Moreover, the addition of prealloyed Mo to steel 

provides an initial boost in TRS over plain carbon steel. Increasing Mo content from 0.3 w/o up 

to 0.85 w/o delivers additional as-sintered strength. The Fe-Mo-Ni-C system was found to be 

superior to Fe-Ni-C over the range of Ni content evaluated in the as-sintered state. 

 

 
Figure 2: As-sintered transverse strength (TRS) with increasing Ni content. 

 

 
Figure 3: Heat-treated transverse strength (TRS) with increasing Ni content. 

 



Despite the linear trend found with increasing alloy content in the as-sintered state, Figure 3 

displays a different effect on the same alloy combinations after heat treatment. The linear 

relationship no longer holds true as TRS rises quickly with small additions of Ni and 

subsequently reaches a “steady state” condition and plateaus between 0.5 and 0.75 w/o Ni 

addition for all alloys examined. These results support prior work [4] in an effort to optimize 

alloy content for heat-treated applications. Increasing admixed Ni content above 0.5 – 0.75 w/o 

provides little to no improvement in heat-treated TRS under the conditions studied. This 

observation exemplifies the purpose of this investigation: selecting the leanest amount of alloy to 

meet the specified mechanical demand in performance. As with the as-sintered relationship, the 

addition of prealloyed Mo contributes to an improvement in heat-treated TRS over plain carbon 

steel. Additionally, the Fe-Mo-Ni-C system was found to be superior to Fe-Ni-C over the range 

of Ni content evaluated in the heat-treated state. 

 

The as-sintered impact energy for each alloy combination was evaluated over the range of Ni 

content, as seen in Figure 4. Increasing Ni content results in an overall rise in impact energy. 

Contrary to the TRS results, the Fe-Ni-C system was measured to have better impact resistance 

than the Fe-Mo-Ni-C alloys in the as-sintered condition at levels greater than 0.75 w/o Ni 

addition. Furthermore, the base alloys start to differentiate in impact energy between 0.5 and 

0.75 w/o Ni addition, suggesting an interaction between Ni and Mo content likely influences this 

behavior. This interaction is not fully understood. Additionally, the rate of increase in impact 

energy with added Ni content is reduced as the amount of prealloyed Mo increases from 0.3 to 

0.85 w/o. This effect can be understood as a result of the as-sintered microstructural features. Mo 

is known to shift the eutectoid point in steel, thereby changing the ratio of ferrite to pearlite, 

meaning a larger fraction of pearlite will be present at higher Mo contents. Therefore, the higher 

Mo steel alloys, with a higher fraction of pearlite, are stronger and less ductile in the as-sintered 

state. Since the Fe-Ni-C system will contain a greater percentage of ferrite, it has better ductility 

and impact energy than Mo containing systems in the as-sintered state. 

 

 
Figure 4: As-sintered impact energy with increasing Ni content. 



 

 
Figure 5: Heat-treated impact energy with increasing Ni content. 

 

Heat treating of ferrous materials, whether PM or wrought, generally leads to an increase in 

properties such as tensile strength and hardness, however, the formation of martensite usually 

equates with a reduced impact resistance and ductility when compared against the as-sintered or 

as-cast condition. In Figure 5, the addition of Ni provides only marginal improvement in heat-

treated impact energy up to 2 w/o. An increase in Ni content promotes toughness in PM 

materials; nevertheless, the heat-treated impact behavior is significantly less when compared 

with the as-sintered state in Figure 4. And, contrary to the as-sintered results, the amount of 

prealloyed Mo did not appear to have a strong effect on impact properties, yet is better than just a 

Fe-Ni-C system alone. 

 

In reviewing the heat-treated properties presented above for the alloy combinations studied, it is 

proposed that an optimal admixed Ni addition lies between 0.5 and 0.75 w/o. This amount of Ni 

was found to provide comparable heat-treated TRS as an alloy containing as much as 2 w/o 

added Ni. The heat-treated impact energy trends presented small if not insignificant 

improvements above 0.5 w/o Ni and it shows that prealloyed Mo steels with no Ni addition have 

as much impact resistance as FN-0205HT. Furthermore, the prealloyed Mo steels provide 

enhanced properties over plain carbon steel alone and selection of which Mo content would 

depend on part cross section and desired depth of hardenability. For that reason, steel containing 

0.5 w/o prealloyed Mo would be a desirable mid-range content to meet many heat-treated 

application demands. 

 

Alloying method evaluation 

 

Based on the results and observations presented, a lean alloy composed of 0.5 w/o Mo + 0.5 w/o 

Ni + 0.6 w/o graphite was selected for further analysis. Prior work [4] focused on 0.3 w/o Mo + 

0.75 w/o Ni + 0.6 w/o graphite and compared against materials with higher alloy content. Those 



results indicated alloy content could be significantly reduced and still maintain adequate static 

and dynamic behavior in small test samples. While the focus of this study is a continuation of 

leaner alloy development, another aim is to evaluate how alloying method plays a role in the 

heat-treated static and dynamic performance. This composition has recently been added to MPIF 

Standard 35 [12] as a diffusion alloy and understanding the influence of alloying method should 

be explored. 

 

Figure 6 compares the heat-treated TRS trends for the lean composition of 0.5 w/o Mo + 0.5 w/o 

Ni + 0.6 w/o graphite based on different alloying methods. These alloying methods include a 

fully prealloyed system (FL-4205), a hybrid (FL-4005 + 0.5 w/o Ni), and a diffusion alloy (FD-

0105). Test bars from each alloying method were compacted at 415 (30), 550 (40), and 690 MPa 

(50 tsi) and hence evaluated over a range of sintered density. The results indicate there is no 

difference in strength between a fully prealloyed and a diffusion alloyed composition. 

Alternatively, FL-4005 with 0.5 w/o admixed Ni exhibited better transverse strength at a given 

sintered density. 

 

 
Figure 6: Heat-treated TRS comparing alloying type over a range of densities. 

 

The crush strength of each alloying system was evaluated as well, Figure 7. The results of this 

type of strength measurement indicate there is little to no difference on how the alloying is 

accomplished. Rather, it shows the strong correlation between density and resulting strength, 

mostly irrespective of alloying method. This is, of course, a well-known trend for parts 

manufactured using the PM process in that mechanical properties are largely driven by density. 

 



 
Figure 7: Heat-treated crush strength comparing alloying type over a range of densities 

 

Fatigue analysis  

 

This investigation explored the influence of a small addition of Ni to a Mo containing steel. 

Figure 8 shows that the addition of 0.5 w/o Ni boosts the endurance limit from 262 MPa to 283 

MPa, an 8% increase over FL-4005. Additionally, the lean composition of FL-4005 + 0.5 w/o Ni 

was found to perform similarly to the more heavily alloyed system, FD-0205 at an FEL of 276 

MPa, as reported elsewhere [4]. 

 

 
Figure 8: Heat-treated axial fatigue of 0.5 w/o prealloyed Mo and 0.6 w/o graphite content, with 

and without 0.5 w/o admixed Ni. 



 

Since the method in which Mo and Ni are added to Fe impacts several properties such as 

compressibility and TRS as shown prior, it was unknown if the location of each alloying element 

played a role in the heat-treated dynamic behavior. To better understand this, Figure 9 compares 

the axial fatigue behavior of a similar composition prepared by three different methods. The 

results show that there are a few small differences in FEL between the alloy versions, though 

they are relatively analogous. The fully prealloyed system, FL-4205, was found to fail sooner at 

higher stress loads. This suggests that the fully prealloyed composition has a reduced ability to 

resist crack growth once cracks started in comparison with the other alloying methods. This 

could be attributed to the lack of Ni-rich regions located at particle boundaries and sinter necks, 

which have been suggested to locally decrease stress intensity and thereby increase fatigue 

resistance [7]. Based on this analysis, one would expect that admixed or diffusion alloyed Ni 

promotes an increase in FEL. The FEL of FL-4205 of 283 MPa, however, was measured to be 

the same FEL as the hybrid version, FL-4005 + 0.5 w/o Ni. The diffusion alloy, FD-0105, and 

the hybrid system, FL-4005 + 0.5 w/o Ni have equivalent response to high stress loads. As both 

material systems contain Ni at the sinter necks, it is no surprise they behave similarly at the 

higher loads. There is an indication the diffusion alloy behaves differently, though, at lower 

stress loads approaching the FEL of the system. FD-0105 was measured to have a slightly lower 

endurance limit of 276 MPa. This trend was also found in the tensile strength, as listed in  

Table 2. 

 

 
Figure 9: Heat-treated axial fatigue comparing alloying type using a composition of 0.5 w/o Mo 

+ 0.5 w/o Ni and 0.6 w/o graphite content. 

 

The argument can be made that the observed difference in FEL between alloying methods is 

within a statistical error of measurement, being within 3%, and therefore equivalent amongst the 

alloying methods. Considering the densities of each sample are the same, it is possible the pore 

structure could be marginally different due to the presence or lack of Ni at sinter necks. The 

presence of Ni particles could locally contribute to rounding of the pores during sintering and 



serve as a source to differentiate between the behavior of the prealloy to the hybrid or diffusion 

alloy at high stress loads. Nevertheless, the microstructures of the separate alloying methods are 

slightly different and could influence this behavior given all else is equal. 

 

Table 2: Summary of heat-treated properties by alloying method 

Alloy 
Hardness UTS FEL 

HRA MPa (10
3
 psi) MPa (10

3
 psi) 

FL-4005 + 0.5 w/o Ni 69  793 (115) 283 (41) 

FL-4205 67 749 (109) 283 (41) 

FD-0105 68 782 (113) 276 (40) 

 

As reviewed in the introduction, small amounts of Mo have significant effects on the ability to 

transform austenite to martensite under the correct cooling conditions. This is evident when 

comparing the images presented in Figure 10 and Figure 11. Due to the alloying method, FD-

0105 contains areas rich in alloy content near areas of low alloy content as it depends largely on 

diffusion, a function of the sintering process, to achieve a greater amount of martensitic 

transformation throughout the thickness. In Figure 10 (A), the cross section of the fatigue bar for 

FD-0105 has a heterogeneous microstructure containing nodular pearlite, lower bainite, 

martensite, and alloy rich martensite at particle boundaries. By comparison, the hybrid alloy FL-

4005 + 0.5 w/o Ni in Figure 10 (B) is fully martensitic with alloy rich regions located at particle 

boundaries and the prealloy (C) FL-4205 is completely martensitic with no alloy rich regions. It 

is believed the presence of the alloy rich regions at the particle boundaries for the diffusion and 

hybrid alloys contribute to fatigue resistance at higher stress loads. At the low stress loads, 

approaching the FEL, the alloy rich regions may be less influential and the fatigue resistance 

may be more dependent on the amount of the strongest phase present at the given porosity level. 

In this case, martensite being the dominant phase is more prominent in the alloys with prealloyed 

Mo and, therefore, serves to increase the overall fatigue endurance limit. This was also found to 

contribute to better fatigue performance as reported by Engstrom [13] and St-Laurent [14] in 

more heavily alloyed materials. 

 



   
Figure 10: Heat-treated microstructure at the core of fatigue bars made from (A) FD-0105, (B) 

FL-4005 + 0.5 w/o Ni, and (C) FL-4205; etched using 2 v/o nital - 4 w/o picral 

 

Moreover, parts with thicker cross sections will benefit greatly with the presence of prealloyed 

Mo in order to transform a larger fraction of the matrix into martensite. As displayed in Figure 

11, a heat-treated 25 mm (1 inch) diameter sample reveals the importance of prealloying in order 

to achieve martensitic transformation in a larger cross section.  Due to the alloying method for 

FD-0105, its microstructure is more heterogeneous and contains less martensite than what is 

found with the same chemical composition when Mo is prealloyed. For this reason, a reduced 

fatigue endurance limit is possible as the fraction of lower strength constituents increases in the 

heat-treated matrix. 

 

   
Figure 11 Heat-treated microstructure of a test specimen with a 1.0 inch diameter (A) FD-0105, 

(B) FL-4005 + 0.5 w/o Ni, and (C) FL-4205; etched using 2 v/o nital - 4 w/o picral 

 

25 mm diameter 

A B C 

A B C 



CONCLUSION 

 

This study evaluated small additions of Ni to plain carbon and prealloyed Mo steels to determine 

an optimal level of admixed Ni for heat-treated applications. It was found that a Ni content 

between 0.5 and 0.75 w/o provided equivalent performance to 2 w/o Ni. Ni amounts between 

0.75 and 2.0 w/o did not appear to provide additional benefit. The Fe-Mo-Ni-C steels were found 

to be superior to Fe-Ni-C, though Fe-Mo-C alone was found to provide equivalent mechanical 

performance as FN-0205 in the heat-treated state. Based on the study performed, an alloy 

composition of 0.5 w/o Mo + 0.5 w/o Ni + 0.6 w/o graphite was evaluated in similar fashion to a 

prior study [4] which showed reducing alloy content is viable in order to optimize properties 

with cost, in terms of total alloy content, when heat treated. Furthermore, this composition was 

found to have similar fatigue performance to an alloy with significantly more alloy content, FD-

0205, as measured previously. 

 

While the fatigue response of the heat-treated materials is still largely influenced and driven by 

porosity at a density of 7.0 g/cm
3
, it was found that the alloying method revealed a small 

difference in fatigue behavior. Evaluation of this lean composition based on alloying method 

indicated that producing a fully martensitic microstructure accompanied with alloy rich regions 

at the sinter necks resulted in better fatigue behavior at high stress loads, as found with a hybrid 

material. For the fully prealloyed approach, the lack of alloy rich regions at sinter necks may 

have contributed to reduced fatigue performance at higher stress loads. The prealloyed fatigue 

endurance limit, though, appeared not to be affected in comparison with the hybrid system. The 

diffusion alloying method, which results in a more heterogeneous structure, indicated a similar 

fatigue response to the hybrid alloy at higher loads. Conversely, it exhibited a somewhat lower 

fatigue endurance limit and is believed to be the influence of a reduced amount of martensite 

present in comparison with the hybrid and prealloyed materials. Therefore, the best fatigue 

behavior was found using a hybrid alloying method where the prealloyed Mo boosts the 

hardenability and small amounts (≥ 0.5 w/o) of admixed Ni contribute to enhanced fatigue 

performance. 
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