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ABSTRACT: 
 
Increased usage of electrical systems in the automotive sector has provided opportunities for the 
application of powder metallurgy (PM) soft magnetic materials mainly due to the ability to form 
net or near net shape components.  In some instances, the design requires both structural and soft 
magnetic properties from the component.  The standard PM soft magnetic materials can’t always 
achieve these strength targets.  This study discusses tactics for achieving higher strengths while 
maintaining optimum soft magnetic properties. 

 
 

INTRODUCTION 
 
Electrical and electromechanical systems are an integral part of our society today.  These systems 
rely on a wide variety of materials in achieving the targeted performance with soft magnetic 
materials having an essential role in many of these applications.  In the automotive industry, rapid 
deployment of numerous electrical systems has occurred such as power mechanisms for linear or 
rotating devices used in body and chassis applications.  With pressure in the global supply 
landscape, competition in materials using different technologies has mounted as material 
properties are improved, either through the development of new materials or through refinement 
with existing materials.  For powder metallurgy (PM), this has resulted in opportunities 
particularly as components increase in dimensional complexity since the PM process provides net 
shape or near net shape.  But these opportunities can become more limited with a resultant market 
share decrease if innovative processes, such as warm compaction1, and materials are not 
developed and implemented. 
 
For various new applications, enhanced mechanical and magnetic performance is necessary.  As 
with mechanical properties, the magnetic properties are affected by density with increasing 
density typically resulting in improvements.  There are different methods for increasing the 
density of a PM component including both separately and in combination double-press/double-
sintering, high temperature sintering, sizing and warm compaction.  But the soft magnetic 
properties are structure sensitive, so the processing effects on the microstructure must be 
understood and controlled, since the effects can have a significant effect on the ensuing soft 
magnetic properties 2,3,4,5,6.   
 
Other applications may require only improved mechanical properties with no loss of soft 
magnetic properties.  For ferrous PM materials, there are several means for strengthening ferrite: 
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 Solid solution strengthening by interstitial atoms (e.g., interstitial integration of carbon or 
nitrogen into the iron lattice structure) 

 Solid solution strengthening by substitutional atoms  
 Precipitation hardening 
 Work hardening  
 Grain size refinement  

 
These typical routes for strengthening of the ferrite in PM through the addition of carbon, copper 
or through strain hardening result in a decrease in soft magnetic properties so are not feasible 
alternatives.  With respect to grain refinement, a finer grain size offers an increase in strength 
through the restriction of dislocation movement by the grain boundaries but inhibits movement of 
the magnetic domain walls which decrease the soft magnetic properties thus making this an 
undesirable approach.   
 
The use of phosphorus as a means of both strengthening and improving soft magnetic properties 
with PM iron through the additions of ferro-phosphorus (mainly Fe3P) has been known and used 
for many years 7.  The addition of P to Fe stabilizes the body center cubic (BCC) structure plus 
forms a liquid phase at typical sintering temperatures (1120 °C) resulting in rapid densification 
and pore smoothing.  This also leads to grain growth that improves the soft magnetic properties.  
The effect of prealloyed Mo in P/M ferro-phosphorus processing with conventional compaction 
and sintering was investigated for high P levels (0.8 w/o) and showed improvements in 
mechanical properties with an insignificant impact on soft magnetic properties 8.   This identified 
an approach for high strength soft magnetic materials.  
 
This paper continues some previous work1 and discusses applying warm compaction technology 
for ferro-phosphorus PM materials at both conventional and high temperature sintering and 
provides properties of high density soft magnetic materials for use in applications requiring high 
strength.   
 
EXPERIMENTAL PROCEDURES 
 
Material and Processing 
 
All mixes were made in laboratory equipment with production materials.  For the conventional 
mixes, 0.75w/o eythelenebistearamide (Acrawax C) was used as the lubricant.  For warm-die 
compaction mixes, 0.6 w/o AncorMax 200® system was used.  Fe3P was utilized as the source for 
phosphorus in all mixes.  The baseline mix employed Ancorsteel® 1000B as the base iron while 
all the other mixes used Ancorsteel 85 HP. 
 
Test specimens consisted of TRS bars (for compressibility), “dogbone” tensile bars and toroids.  
The specimens made from the various materials were compacted at 760 MPa and sintered at 
either 1120 ºC or 1260 ºC in a 100% H2 atmosphere.  For warm-die compaction, AncorMax 200 
processing was with a heated die at 90 °C.  
 
Specimen Preparation 
 
Test specimens were processed and evaluated according to industry standard test procedures 9 for 
green and sintered density, apparent hardness and tensile properties7. Tensile properties were 
developed from flat, un-machined “dogbone” tensile bars according to ASTM E8 and MPIF 
Standard 10 9.  Tensile testing was performed at a crosshead speed of 2.5 mm/min and no surface 
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modifications were made to the tensile bars.  A Rockwell hardness tester was used for apparent 
hardness measurements in the Rockwell A (HRA) scale.  Density was measured according to 
MPIF Standard 42 9.  DC hysteresis loops were generated per ASTM A773/A773M-01 on 
standard toroid shapes (36 mm OD x 23 mm ID x 5.9 mm thick) with a KJS Associates Model 
SMT-700 Hysteresisgraph at room temperature.  These samples were wound with primary and 
secondary turns of #28 AWG wire.  For light optical metallography, standard PM preparation and 
polishing techniques were employed. 
 
RESULTS AND DISCUSSION 
 
The motivation for the work was to develop material and processing routes for improved 
mechanical and soft magnetic properties for new electromechanical applications requiring high 
strength.  As mentioned earlier, the properties of ferromagnetic materials depend on a variety of 
structural characteristics influenced by the composition, the density and the sintering temperature.  
These composition and sintering temperatures were investigated at a high compaction pressure to 
provide a high green density.   Mo is a local substitutional atom in Fe with additions 
increasing the lattice parameter of the α-Fe, resulting in hardening and strengthening 
occurring from the lattice strain. The selection of amount of prealloyed Mo was based on 
a commercially available grade.  The materials investigated are shown in Table I.   
 

Designation Description Base Iron Phosphorus Lubricant 

Mix 1 
FY-4500  
Baseline 

Ancorsteel 1000B 0.45 w/o 
0.75 w/o 

Acrawax C 

Mix 2 FL-4400 + 0.45 P Ancorsteel 85 HP 0.45 w/o 
0.75 w/o 

Acrawax C 

Mix 3 
FL-4400 + 0.45 P 
Warm-die 

Ancorsteel 85 HP 0.45 w/o 
0.6 w/o 

AncorMax 200 

Mix 4 FL-4400 + 0.80 P Ancorsteel 85 HP 0.80 w/o 
0.75 w/o 

Acrawax C 

Mix 5 
FL-4400 + 0.80 P 
Warm-die 

Ancorsteel 85 HP 0.80 w/o 
0.6 w/o 

AncorMax 200 
 
Table I: Composition of mixes used for the investigation with phosphorus added as Fe3P. 
 

 
To establish a baseline response to compaction pressure at the targeted 760 MPa, TRS 
bars were processed and measured.  Table II shows the results for the compressibility at 
the targeted compaction pressure.  As noted and expected, the green density of the  
warm-die compaction mixes were significantly higher than the conventional lubricant 
mixes. 
 

Designation Green Density (g/cm3)
Mix 1 7.15 
Mix 2 7.15 
Mix 3 7.38 
Mix 4 7.11 
Mix 5 7.34 
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Table II: Green density on TRS bars pressed at 760 MPa on mixes used for the investigation. 
Sintering – Mechanical Properties 
 
As noted, samples were sintered at either 1120 °C or 1260 °C in 100% H2 atmosphere for 
30 minutes.   Tables III and IV show the results from the tests.  The total carbon was 
measured on the samples and all were found below the maximum carbon level (0.03 w/o) 
for MPIF FY-4500 or FY-8000 materials.  Increasing sintering temperature resulted in an 
increase of ~ 0.1 g/cm3 in density for each material with the higher P content (0.8 w/o) 
showing slightly less increased densification.  This was somewhat surprising since the 
high temperature Fe-P phase diagram shows that above 0.6 w/o P the structure changes 
from mixed alpha and gamma phases to a single alpha phase which is believed to provide 
enhanced sintering.   
 
The increase in sintering temperature had only a negligible increase in mechanical 
properties with the lower P content and green density showing the larger increases, 
particularly in elongation.  For mix 5, the elongation decreased with the increased 
sintering temperature.  With P in Fe, there is a tendency for P to segregate at grain 
boundaries, particularly with slow cooling temperatures.  In addition, there is sensitivity 
for oxidation.  The oxygen content of the mix 5 samples sintered at 1120 °C and 1260 °C 
were measured and found to be 0.020 and 0.052 w/o, respectively.  This leads the authors 
to believe there was excess oxygen at the grain boundaries leading to a slight loss of 
ductility. 
 

Designation 
Sinter 

Density 
(g/cm3) 

0.2% YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Apparent 
Hardness 

(HRA) 

Sintered 
Carbon 

(w/o) 
Mix 1 7.20 268 379 13 36 0.004 
Mix 2 7.20 290 393 12 38 0.006 
Mix 3 7.44 310 441 15 43 0.020 
Mix 4 7.19 408 503 10 46 0.018 
Mix 5 7.40 427 518 7 51 0.007 

 
Table III: Mechanical properties at 1120 °C sintering. 

 

Designation 
Sinter 

Density 
(g/cm3) 

0.2% YS 
(MPa) 

UTS 
(MPa) 

Elongation 
(%) 

Apparent 
Hardness 

(HRA) 

Sintered 
Carbon 

(w/o) 
Mix 1 7.31 278 406 19 38 0.007 
Mix 2 7.35 294 423 18 40 0.004 
Mix 3 7.54 324 458 16 45 0.004 
Mix 4 7.27 405 517 11 47 0.006 
Mix 5 7.47 443 509 5 50 0.006 

 
Table IV: Mechanical properties at 1260 °C sintering. 
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The use of Mo shows an increase in mechanical properties over the baseline material, 
most significantly with the high P content.  With an 8% and 4% increase in YS and UTS, 
respectively at 1120 °C for the same P content.  Increasing the P content to 0.8 w/o 
resulted in an increase of 52% and 33% for YS and UTS, respectively at 1120 °C.  The 
same relationships appeared with the higher sintering temperature.  At the 0.8 w/o P 
content, UTS above 500 MPa was achieved for both sintering temperatures and 
compaction densities.  Figure 1 graphically shows the tensile property comparison. 
 

 
 
 

Figure 1: Comparison of the 0.2% YS and UTS for the various mixes at 1120 °C and 1260 °C 
sintering temperatures (compacted at 760 MPa) 

 
 
Sintering – Soft Magnetic Properties 
 
The ferrophos (Fe-P) system has been used extensively in PM for soft magnetic 
applications for many years particularly since they it can be processed at 1120 °C 
sintering temperature and achieve very good soft magnetic properties.  Toroid samples 
were sintered with the tensile bars at either 1120 °C or 1260 °C for soft magnetic 
properties.  These were wound with primary and secondary turns of Cu wire for 
developing the magnetic hysteresis.  The applied drive field was at 7958 A/m to develop 
and compare the permeability (µmax), coercivity (HC), maximum induction (Bmax) and 
residual induction (Br) against the baseline FY-4500 material.  Figure 2 provides a typical 
output from the hysteresis generation on the toroids. 
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Figure 2: Typical hysteresis generated on the toroid samples.  The example shows results from 
Mix 1 sintered at 1120 °C. 

 
Tables V and VI show the results from the soft magnetic tests.  With the addition of Mo, 
the coercivity decreased for all of the mixes while the permeability decreased at similar 
densities over the baseline.  While there were these differences, the target for similar soft 
magnetic properties was achieved.  With warm compaction coupled with Mo, all 
properties were improved over the baseline. 
 

Designation 
Sinter 
Density 
(g/cm3) 

Drive 
Field 
(A/m) 

Frequency
(Hz) 

μmax 
Bmax 
(T) 

HC 
(A/m) 

Br 
(T) 

Mix 1 7.18 7958 0.01 3881 1.58 120.3 1.25 
Mix 2 7.19 7958 0.01 3541 1.52 112 1.13 
Mix 3 7.43 7958 0.01 4741 1.63 98.37 1.3 
Mix 4 7.15 7958 0.01 3632 1.53 103.7 1.08 
Mix 5 7.34 7958 0.01 5370 1.59 87.6 1.25 

 
Table V: Soft magnetic properties at 1120 °C sintering. 
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Designation 
Sinter 
Density 
(g/cm3) 

Drive 
Field 
(A/m) 

Frequency
(Hz) 

μmax 
Bmax 
(T) 

HC 
(A/m) 

Br 
(T) 

Mix 1 7.29 7958 0.01 4463 1.57 95.5 1.21 
Mix 2 7.31 7958 0.01 5052 1.56 79.6 1.19 
Mix 3 7.5 7958 0.01 6767 1.64 71.6 1.29 
Mix 4 7.24 7958 0.01 6235 1.53 71.6 1.21 
Mix 5 7.39 7958 0.01 7024 1.6 71.6 1.21 

 
Table VI: Soft magnetic properties at 1260 °C sintering. 

 
Overlaying the hysteresis for mixes 1, 2 and 3 at the 1120 °C sintering temperature (Figure 3) 
shows the effect of the prealloyed Mo with the 0.45 w/o P where magnetic induction (B) is 
decreased for the same density at a drive field of 7958 A/m (H).  At the higher density, the 
hysteresis is slightly higher than the baseline mix 1(the mix 3 line is mainly obscuring mix 1 
line).  Figure 4 shows that with increasing sintering temperature, the hysteresis for the prealloyed 
Mo with the 0.45 w/o P shift higher than the baseline mix 1with mix 2 being slightly higher than 
the baseline and mix 3 at the higher density (the mix 2 line is mainly obscuring mix 1 line).  
Figure 5 shows the comparison of the base line mix 1 to mixes 4 and 5 with the 0.80 w/o P. 
 
 

 
 
Figure 3: Comparison of the hysteresis for the mixes 1, 2 and 3 at 1120 °C sintering temperature 

(the mix 3 line is overlaying the mix 1 line) 
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Figure 4: Comparison of the hysteresis for the mixes 1, 2 and 3 at 1260 °C sintering temperature 

(the mix 2 line is overlaying the mix 1 line)  
 
 

 

 
 
Figure 5: Comparison of the hysteresis for the mixes 1, 4 and 5 at 1260 °C sintering temperature  
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Properties that are representative of a good soft magnetic material are high permeability, low 
coercivity and high saturation induction.  Figure 6 shows the relationship between permeability 
(ease of magnetization) and UTS for each of the materials and sintering temperatures.  This 
shows that the addition of Mo lowers the permeability but results in increased strength for the 
same density at 1120 °C.  As expected, the higher density resulted in increased permeability and 
strength showing the viability of warm-die compaction coupled with the Mo for improved 
properties with a 22% and 38% increase in permeability for 0.45 w/o P and 0.8 w/o P, 
respectively.  The improvements became more pronounced at the higher sintering temperature 
with all materials revealing both a higher strength and permeability than the baseline.  For similar 
density, the permeability increased 13% and 40% for 0.45 w/o P and 0.8 w/o P, respectively.  
Increasing the density resulted in 54% and 57% increased permeability for 0.45 w/o P and 0.8 
w/o P, respectively with both having UTS greater than 500 MPa.   
 
 

 

 
 

Figure 6: Graph showing relationship between permeability and UTS. 
 
 
Figure 7 shows the relationship between coercivity (HC) and UTS for each of the materials and 
sintering temperatures.  This shows that the addition of Mo lowers the coercivity over the 
baseline within each of the sintering temperatures.  As with permeability, increasing density 
results in a decrease in coercivity. 
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Figure 7: Graph showing relationship between coercivity and UTS. 
 

 
 

Figure 8: Graph showing relationship between maximum induction and UTS. 
 

As shown in Figure 8, the addition of P decreases the maximum induction.  With an increase in 
density for either P level, the maximum induction is increased over the baseline.  As shown with 
these graphs that with the proper selection, the combination of strength and magnetic properties 
can be optimized for specific application requirements. 
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Sintering – Microstructure 
 
The microstructures of the tested mixes sintered at 1260 °C sintering are shown in Figures 9 
and 10.  In Figure 9, the effect of Mo in the FY-4500 system is compared.  All samples show 
good pore smoothing with the Mo materials having a slightly coarser grain size.  This would be 
beneficial to soft magnetic properties. 
 

 
 

  
 

 
 

Figure 9: Microstructure of baseline Mix 1(top), Mix 2 (middle) and Mix 3 (bottom – higher 
density) sintered at 1260 °C.  2% nital / 4% picral etch. 
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Figure 10, the effect of Mo in the FY-8000 system is compared.  The high temperature sinter 
samples show good pore rounding with a slightly coarser grain size than the baseline FY-4500.  
Mix 5 at 1120 °C sintering is contrasted to reveal less pore rounding and a finer grain size. 
 

 
 

 
 

 
 

Figure 10: Microstructure of Mix 4 (top) and Mix 5 (middle) sintered at 1260 °C.  The 
microstructure of mix 5 at 1120 °C is shown at the bottom.  2% nital / 4% picral etch. 
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CONCLUSIONS 
 
PM provides options for net or near-net shape processing of soft magnetic materials that can be 
optimized through improved densification and sintering temperatures.  Coupled with P, the use of 
0.85 w/o prealloyed Mo based iron powder, increased strengths with comparable or better soft 
magnetic properties than a standard FY-4500 iron based material.  Through proper selection of 
material and processing, performance targets of specific soft magnetic applications beyond 
typical MPIF materials can be achieved.  Specifically: 

 UTS above 500 MPa can be achieved with 0.8 w/o P at both 1120 °C and 1260 °C. 
 Sintering at 1260 °C and at a similar density, the permeability increased 13% and 40% 

for 0.45 w/o P and 0.8 w/o P, respectively over FY-4500. 
 Sintering at 1260 °C and increasing the green density resulted in 54% and 57% increased 

permeability for 0.45 w/o P and 0.8 w/o P, respectively over FY-4500. 
 Coercivity was improved versus FY-4500 with 0.85 w/o Mo for 0.45 w/o P and 0.8 w/o P 

within the respective sintering temperatures. 
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