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Abstract In sintered as well as cast steels presence of

phosphorus is a problem as it induces brittleness in the

steels and deteriorates the mechanical properties. The

present research work describes a P/M route to produce

ductile iron phosphorous alloys. Alloys with phosphorus

contents 0, 0.35, 0.65, 1.3, 2, and 3 wt.% were developed

by a powder forging route. Care was taken to ensure that no

liquid-phase formation takes place during processing. First,

a master alloy powder containing 5 wt.% phosphorus was

produced by reacting water-atomized iron (Fe) powder

with orthophosphoric acid. The iron phosphate (master

alloy) particles were then blended with the iron powder.

The blended powders were placed in a mild steel can and

hot forged at 1323 K in a flowing hydrogen atmosphere.

Hot-forged slabs were re-forged to final density and then

homogenized at 1373 K for 2 h. Increasing the phosphorus

content led to an increase in strength and hardness of

forged alloys. Alloys with phosphorus contents\ 1 wt.%

exhibited significant ductility, suggesting that the presence

of phosphorus did not cause the expected embrittlement.

The solid-state processing used may lead to development

of ductile phosphorus-containing alloys with attractive

properties.
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Introduction

Phosphorus (P) is an undesirable element in steels. During

cold working, phosphorus induces cold shortness or brit-

tleness. Therefore, its content in modern steels is limited to

\ 0.04 wt.% (all compositions in wt.%). It has been seen

that the embrittlement of phosphoric iron is due to segre-

gation of phosphorus along the grain boundaries. The inter-

granular failure occurs due to the decohesion of grain

boundary [1–4]. Phosphorus reduces the resistance of the

steel to brittle fracture [5–7]. On the other hand, phos-

phorus addition has been reported to improve magnetic

permeability [8–10] and corrosion resistance [11, 12].

Phosphorus also provides solid solution strengthening to

the matrix. Despite these advantages, it is rarely used

because of the low ductility associated with phosphorus-

containing alloys [13]. Most powder metallurgy (P/M)

approaches for Fe–P alloys use liquid-phase sintering by

using the eutectic reaction where liquid decomposes into

Fe (a) and Fe3P. In cast alloys, the same reaction takes

place in the final stages of solidification. Thus, in cast as

well as liquid-phase-sintered P/M alloys the last liquid to

solidify at grain boundaries is enriched in phosphorus [14].

In the present work, the Fe–P alloys have been developed

by hot powder forging. Care is taken that no liquid-phase

formation takes place during processing. Powder forging

ensures a higher density and may lead to improved prop-

erties [15–17]. In the present work, the powder-forged

alloys with phosphorus contents * 1 wt.% or less exhib-

ited significant ductility. Possible reasons for this are dis-

cussed. The solid-state processing used may lead to

development of ductile phosphorus-containing alloys with

attractive properties.
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Experimental Procedure

A master alloy (Fe–5% P) powder was prepared by mixing

distilled water and water-atomized iron powder with

orthophosphoric acid (H3PO4). The low carbon

(0.01–0.02 wt.%C) water-atomized iron powder was sup-

plied by Hoganas India and had an average particle size of

170 lm. The desired alloy compositions were prepared by

blending the Fe powder and the master alloy (Fe3 (PO4)2)

in appropriate proportions. Alloys with phosphorus con-

tents 0, 0.35, 0.65, 1.3, 2, and 3 wt.% were prepared. The

powders were blended in a laboratory jar mill for 2 h at

400 rpm using 5-mm-diameter steel balls and a 1:5 balls to

charge ratio. The blended powder was filled in a cylindrical

mild steel can (capsule) of 63.5 mm outer diameter,

2.5 mm wall thickness and 80 mm length. The ends of the

can were closed by welding with hemispherical end caps.

Two steel tubes of 10 mm diameter and 1 m length were

welded to the end caps for passing hydrogen gas. The

assembly is shown in (Fig. 1). The filled capsule was kept

in a tubular furnace and heated to 1323 K. Hydrogen gas

was passed through the tube during heating. After holding

for 30 min, the heated powder capsule was removed from

the furnace and placed in a channel die for forging in a 100

metric ton friction screw driven forge press. Three to four

strokes were given to the hot capsule to form a slab of

20 mm thickness. The slab was then reheated to 1373 K

and forged again to 14 mm thickness. The forged slab was

homogenized in a muffle furnace at 1373 K for 2 h. The

mild steel skin was then removed by machining, and a

10 mm thick plate was obtained. The process has been

shown schematically in Fig. 2.

Samples were cut off from the plates for further char-

acterization. Samples measuring 10 9 10 9 10 mm3 were

mechanically polished to one micron grade alumina pow-

der finish and etched using 2% nital solution for exami-

nation in an optical microscope and scanning electron

microscope (SEM). The grain size of the alloys was mea-

sured from optical micrographs using the linear intercept

method. The volume percentage of phosphide was mea-

sured from polished samples in the optical microscope

using a phase analyzer software. X-ray diffraction (XRD)

studies were carried out on polished samples in an x-ray

diffractometer. Vicker’s hardness measurements were

taken on polished sections using a 5-kg load. Tensile test

specimens with a gauge length 25 mm and diameter 5 mm

were machined from the forged plates as per the ASTM

E8M standard. Charpy V-notch Impact test specimens

measuring 10 9 10 9 55 mm3 were machined to form

forged plates. All these samples were kept in a muffle

furnace at 873 K for 1 h and then furnace cooled to room

temperature to relieve the residual stresses. Tensile tests

were performed on computer controlled tensile test

equipment of 25 kN capacity at a strain 6.67 9 10-4 s-1.

Charpy impact tests were performed according to ASTM

E23 standard. The tensile and impact fracture surfaces were

observed by scanning electron microscope. The hardness of

matrix and precipitates were measured in a microhardness

testing machine on polished samples using a 50 g load.

Results and Discussion

The forged alloys exhibit iron phosphide (Fe3P) precipi-

tates in a ferrite matrix (Fig. 3). Equiaxed grains were

observed in all the alloys. Addition of phosphorous results

in a decrease in grain size (Table 1). A similar decrease in

grain size on phosphorus addition has been reported earlier

in cast alloys [18, 19]. Phosphorus partitions were observed

between the ferrite matrix and the Fe3P precipitates

(Fig. 4). Line scan in scanning electron microscope shows

that phosphorus is distributed within the grains as well as

along grain boundaries in the forged alloys (Fig. 5). The

scan crosses several grains, but no significant phosphorus

Fig. 1 Schematic of setup for heating of powder capsule prior to

forging Fig. 2 Process flowchart of powder forging

562 Metallogr. Microstruct. Anal. (2017) 6:561–568

123



build up near the grain boundaries could be detected.

Tensile test results are shown in Table 1. The tensile

strength of the Fe–P alloys increases on the addition of P.

This is accompanied by a loss in ductility, particularly in

compositions with more than 1%P. This may be because

phosphorus addition increases the amount of phosphide in

the alloys (Fig. 6), thus reducing ductility at high P levels.

The volume fraction of phosphide decides the ductility.

Ductility decreases with increasing phosphide volume

fraction. The microhardness values of the phosphide phase

were similar for all the alloys studied, while the matrix

microhardness of the matrix increases with phosphorus

content (Table 1) with a maximum at 2 wt.%P. The ferrite

matrix is strengthened by the solid solution of phosphorus

in iron [20]. In Fe–2%P alloy phosphides are uniformly

distributed and are spherical in shape leading to an

improvement in strength and hardness [21]. All the alloys

were fabricated using same processing conditions. In

particular, the alloy with 3 wt.%P has very high volume

fraction of phosphide. These coarse phosphide particles

may not be fully densified. The fall in bulk hardness and

strength may be related to that [22]. The hardness increased

from 78 to 243 Hv with a maximum at 2 wt.%P (Fig. 7).

The obtained strength, ductility, and hardness values are

better than those reported in the literature [23–25] for

alloys with\ 1%P. No data have been reported for higher

P contents. The theoretical hardness of these alloys was

calculated by the following rule of mixtures:

HT ! f � Hf þ 1� fð ÞHm

where HT theoretical hardness, Hf hardness of phosphide,

Hm hardness of matrix, f volume fraction of phosphide.

Figure 7 shows that the theoretical hardness values are

greater than the experimental hardness values for all the

composition of alloys. The experimental bulk hardness

Fig. 3 Optical micrographs of powder-forged specimens of (a, d) Fe–0.65 wt.%P, (b, e) Fe–2 wt.%P, and (c, f) Fe–3 wt.%P alloy

Table 1 Grain size and mechanical properties of Fe–P alloys

S. No. Alloy compositions Yield stress (MPa) Total elongation (%) Hardness (HV) Average grain diameter (lm)

1. Fe 212 ± 7 20 ± 0.50 78 ± 4 165

2. Fe–0.35P 224 ± 8 17 ± 0.60 95 ± 6 155

3. Fe–0.65P 260 ± 6 12 ± 0.50 111 ± 7 102

4. Fe–1.3P 281 ± 9 6 ± 0.40 135 ± 8 98

5. Fe–2P 351 ± 6 3 ± 0.20 243 ± 6 096

6. Fe–3P 155 ± 8 2 ± 0.70 125 ± 5 092
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values are probably more reliable as these cover a larger

area than microhardness measurements.

Among P/M processes, powder forging leads to high

density and this may explain better ductility observed in the

present research work. Further, chemical and structural

homogeneity may also be improved by powder forging

[26]. In the casting route, the last liquid to solidify is

enriched with phosphorus which is segregated at grain

boundaries [27, 28]. This may led to deterioration of

Fig. 4 (a) Secondary electron scanning electron microscope micrograph of Fe–2 wt.%P alloy. Elemental analysis of matrix (c) and precipitates

(d) of Fe–2 wt.%P alloy using energy dispersive analysis of x-rays

Fig. 5 Line scan in scanning electron microscope of Fe–0.65 wt.%P

showing phosphorus distribution within the grains as well as along

grain boundaries in the forged alloys. The blue line is for P, and the

red one is for Fe variation. The major peaks indicate the presence of

phosphide phase

Fig. 6 Showing volume fraction of phosphide at different phospho-

rus contents in Fe–P alloys
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Fig. 7 Showing theoretical hardness and experimental hardness of

Fe–P alloys

Fig. 8 Scanning electron microscope micrographs of tensile fracture sur-

faces of powder-forged specimens (a) Fe–0.65 wt.%P, (b) Fe–2 wt.%P,

and (c) Fe–3 wt.%P alloys. (b) shows ductile dimple failure, while

cleavage failure is observed in (c) with Fe–2P alloy showing mixed mode

failure

Fig. 9 Effect of phosphorus on Charpy impact energy of Fe–P P/M

alloys
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mechanical properties with high phosphorus due to the

weakening of grain boundaries [29, 30]. Similarly, P/M

routes rely on liquid-phase sintering due to the eutectic

reaction where liquid decomposes into Fe (a) and Fe3P.

This also leads to the formation of phosphorus-rich liquid

at inter-particle interfaces and consequent phosphorus

enrichment at the grain boundaries. Linksdog et al. [31, 32]

reported that liquid-phase sintering may be used in P/M

Fe–P alloys with phosphorus content up to 0.60% prepared

by pressing and sintering route at sintering temperatures

above 1323 K. At 1323 K, a Fe-Fe3P eutectic results in the

formation of a liquid phase which helps to distribute

phosphorus in iron by capillary action [8]. This too may

lead to phosphorus enrichment at grain boundaries. These

problems in the casting or conventional P/M routes can be

overcome by powder forging.

While investigating the effect of phosphorus on mag-

netic properties of iron it was realized that the Fe–P alloys

did not show any cracking during working [33, 34]. Alloys

used in the present work have very high phosphorus con-

tents. Though no significant buildup of phosphorus could

be detected at the grain boundaries, there are high phos-

phorus levels present within the grains. There is a gradual

loss of ductility with phosphorus content as opposed to

embrittlement due to even small amounts of phosphorus

([ 0.05%) reported in the literature [27]. The ductility

(absence of embrittlement) observed in the present work

may be attributed to the absence of liquid phase during

Fig. 10 Scanning electron microscope micrographs of impact frac-

ture surfaces of powder-forged specimens (a) Fe–0.65 wt.%P, (b) Fe–
2 wt.%P, and (c) Fe–3 wt.%P alloys. The alloys with\ 1%P exhibit

ductile dimple failure. For the alloys with [ 1 wt.%P, the fracture

mode is a mix of ductile and cleavage
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processing. It is proposed that the presence of phosphorus

enriched liquid layer at the grain boundaries is the main

cause of embrittlement in conventional steels. Figure 8

shows representative scanning electron microscope

micrographs of the fracture surfaces of tensile specimens.

Ductile dimple fracture is observed in the low phosphorus

alloy, while cleavage failure occurs in the Fe–3%P alloy.

Also, a mixed fracture mode may be seen in 2 wt.%P alloy.

Charpy impact results are shown in the Fig. 9. The

impact energy decreases with phosphorus content. Though

adding P reduces the grain size it also increases the phos-

phide volume fraction (which is more pronounced) leading

to loss in impact values. The Charpy impact fracture sur-

faces of alloys with\ 1%P exhibit ductile dimple failure

(Fig. 10). This suggests a greater cohesion, less porosity,

and more efficient bonding than that reported [27] during

sintering. The use of hydrogen atmosphere during heating

of powders may reduce surface oxides and improve inter-

particle bonding and cleanliness of the P/M part. Further,

the coated iron particle surface, i.e., Fe3 (PO4)2, would be

transformed to iron phosphide (Fe3P), during heating. For

the alloys with higher phosphorus content ([ 1 wt.%) the

fracture mode is a mix of ductile and cleavage. This may be

due to the increased volume fraction of the hard and brittle

phosphide phase in these alloys.

Conclusions

1. Ductile Fe–P alloys could be successfully developed

using the powder forging route. Use of powder forging

overcomes the embrittlement encountered in phos-

phorus-containing alloys processed through conven-

tional routes.

2. Increasing the phosphorus content in Fe–P alloys

increases the strength and hardness. Ductility

decreases at high P levels (1% or more) due to large

amounts of phosphides in the alloy.

3. Powder forging results in a greater cohesion, less

porosity, and more efficient bonding than that reported

during sintering. The use of hydrogen atmosphere

during heating of powders may reduce surface oxides

and improve inter-particle bonding and cleanliness of

the P/M part.

4. It is proposed that the solid-state processing route used

may overcome the embrittlement encountered during

conventional casting as well as liquid-phase sintering

routes.
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