
Abstract The effect of intercritical heat treatments

on the tensile properties of iron-based P/M steels was

investigated. For this purpose, atomized iron powder

(Ancorsteel 1000) was admixed with 0.3 wt.% graphite

powder. Tensile test specimens were cold pressed at

700 MPa and sintered at 1120 �C for 30 min under

pure argon gas atmosphere. After sintering, ~20%

pearlite volume fraction in a ferrite matrix was

obtained. To produce coarse ferrite + martensite mi-

crostructures, the sintered specimens were intercriti-

cally annealed at 724 and 760 �C and quenched in

water. To obtain fine ferrite + martensite microstruc-

tures, the sintered specimens were first austenitized at

890 �C and water-quenched to produce a fully mar-

tensitic structure. These specimens were then inter-

critically annealed at 724 and 760 �C and re-quenched.

After the intercritical annealing at 724 and 760 �C and

quenching, martensite volume fractions were ~ 18%

and 43%, respectively, in both the coarse- and fine-

grained specimens. Although the intercritically

annealed specimens exhibited higher yield and tensile

strength than the as-sintered specimens, their elonga-

tion values were lower. Specimens with a fine fer-

rite + martensite microstructure showed high yield and

tensile strength and ductility in comparison to speci-

mens with a coarse ferrite + martensite microstructure.

The strength values of specimens increased with

increasing martensite volume fraction.

Introduction

Powder metallurgically (P/M) processed steel compo-

nents have attracted much attention as candidates for

replacing wrought steels in many applications due to

their low cost, high performance and ability to be

processed to near-net shape [1]. However, the most

important problems encountered in P/M steels are

porosity and heterogeneous microstructures produced

during sintering which directly affect the mechanical

properties of P/M steels. Porosities impair the static

and dynamic mechanical properties of P/M steels as

they reduce the effective load bearing section and give

rise to a notch effect [2, 3]. Generally, the properties of

P/M steels can be improved either by admixing alloying

elements at high concentrations or by applying heat

treatments. To produce a martensite structure in P/M

steels after quenching, an adequate level of alloying

element, especially carbon, must be maintained.

However, pre-alloying the powder with carbon reduces

the pressing capability of powders. For this reason,

carbon should be admixed as an alloying element.

Graphite is used in P/M steels as the carbon source.

While hard phases or structures generally increase

the yield and tensile strength of P/M steels, softer

phases or structures tend to improve impact toughness

and ductility. In this study, it was aimed to produce

martensite as the hard phase and ferrite as the soft

phase in the microstructures. To produce these phases
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in P/M steels, the sintered steels were subjected to in-

tercritical heat treatments as applied frequently to low

alloy ingot steels [4–6].

Intercritical annealing between the Ac1 and Ac3

temperatures produces a mixture of ferrite and aus-

tenite in a low-alloy hypoeutectoid steel. The austenite,

upon quenching, transforms to islands of martensite,

producing a ferrite + martensite dual-phase structure

in the steel. An increase in intercritical annealing

temperature results in an increase in austenite (mar-

tensite) volume fraction but also in a decrease in

martensite carbon content. The yield and tensile

strengths increase with increasing martensite volume

fraction, but at the expense of ductility. Also, for a

fixed constant carbon content, the hardness of mar-

tensite increases as the martensite volume fraction

decreases [7]. While the intercritical annealing tem-

peratures determine the martensite (austenite) volume

fraction and carbon content, the microstructure before

intercritical annealing determines the final martensite

morphology [8, 9]. Thus, by controlling the shape, size,

amount and distribution of the martensite in the dual-

phase microstructure, the desired combination of

strength and ductility is obtained.

When dual phase steels were first invented, studies

were focused more on their formability properties.

Today, however, it is clear that other mechanical

properties such as impact toughness, fatigue, tensile

and torsion properties can be improved through opti-

mizing the shape, size, amount and chemical compo-

sition of the martensite in ferrite matrix [8, 10–14].

The aim of the present study was to produce fer-

rite + martensite microstructures having different

martensite volume fractions and morphologies in low

carbon P/M steels through intercritical heat treatments

and to investigate the effects of these microstructures

on tensile properties.

Experimental procedures

In this study, atomized iron (Ancorsteel 1000, Hoeg-

anaes, USA) and natural graphite (Alfa Aesar,

Germany) powders were used. The properties of

Ancorsteel 1000 iron powder are given in Table 1.

Specimens were prepared by directly mixing 0.3 wt.%

graphite with iron powder. To this iron and graphite

powder mixture 0.5 wt.% Zn stearate was added as a

lubricant.

Dog bone shaped tensile specimens were cold

pressed at 700 MPa as suggested in ASTM E 8M

standards. To increase the pressing capability of pow-

ders, 10 wt.% Zn stearate dissolved in ethanol was

applied onto the die walls. Specimens were sintered at

1120 �C for 30 min under pure Argon gas (99.999%)

atmosphere. The rate of heating to and cooling from

the sintering temperature was both kept at 4 �C min–1.

A schematic illustration of the heat treatments applied

to the sintered tensile test specimens is shown in Fig. 1.

Heat treatments were carried out in a vertical furnace

which enabled rapid quenching of the test specimens.

In order to produce coarse ferrite + martensite mi-

crostructures after sintering, the specimens were di-

rectly annealed at intercritical annealing temperatures

of 724 and 760 �C for 16 min and quenched in water.

Specimens with this heat treatment were coded as CM.

To produce fine ferrite + martensite microstructures,

other sintered specimens were first austenitized at

890 �C for 12 min and water-quenched to produce a

fully martensitic structure. These fully martensitic

specimens were then intercritically annealed at 724 and

760 �C and re-quenched in water. Specimens with

these heat treatments were coded as FM.

Macrohardness values of each specimen were mea-

sured with an Instron Wolpert Vickers tester using a

5 kg load. Microhardness values of the phases in the

microstructures were determined with a Shimadzu

HMV-2 Vickers tester using a 50 g load. All hardness

measurements were carried out at least at 15 different

areas of each specimen and average values were taken.

Tensile tests were conducted using a universal ten-

sile testing machine (Instron 5500) at an initial strain

rate of 1.3 · 10–3 s–1. Results of the tensile test were

determined as true stress and true strain.

For microstructural investigation, specimens were

ground and polished by using usual metallographic

procedures. To reveal the microstructures 3% nital was

used. Different etching times ranging from 5 to 15 s

Table 1 Properties of Ancorsteel 1000 iron powder

Composition (wt.%) (w/o)
C O N S P Si Mn Cr Cu Ni
< 0.01 0.14 0.002 0.018 0.009 < 0.01 0.20 0.07 0.10 0.08

Sieve distribution (w/o)
Micrometers +250 –250/+150 –150/+45 –45
U.S. standard mesh (+60) (–60/+100) (–100/+325) (–325)

Trace 10 68 22
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were chosen for specimens having different graphite

contents and at the end of these periods, the specimens

were washed with running water and rinsed with

methyl alcohol to remove the etchant from the sur-

faces. The mean linear intercept method was used to

determine the amount and size of phases. Measure-

ments were carried out at least at 10 different areas in

each specimen and average values were obtained. The

area used for each measurement for the calculation of

martensite volume fraction was 450 · 600 lm2. A

scanning electron microscope (SEM JSM 6360) was

used to characterize the microstructure and fracture

surface of the specimens.

Results and discussion

Microstructure and hardness

The microstructure of the as-sintered specimen before

the intercritical annealing is shown in Fig. 2. In this

specimen, pearlite colonies with typical lamellar mor-

phology nucleated and grew from the prior austenite

boundaries. The 4 �C min–1 cooling rate from the sin-

tering temperature provided enough time for the for-

mation of pearlitic structures. The pearlite volume

fraction of the as-sintered microstructure is about 20%.

The microstructures after the intercritical heat

treatments are shown in Fig. 3. In the CM specimens,

coarse martensite islands were formed (Fig. 3a, b).

During intercritical annealing, austenite nucleates pri-

marily at the Fe3C/ferrite interface and forms by taking

the place of the pearlite colonies. Subsequently,

depending on the annealing time, it grows into the

ferrite grains [15, 16]. In the FM specimens martensite

islands are dispersed more uniformly in the micro-

structure (Fig. 3c, d). Also, both the ferrite grains and

martensite islands are finer in these specimens than in

the CM specimens. However, in this study martensite

morphology was not needle-like as seen in dual phase

ingot steel structures [17]. When a specimen with an

initially martensite microstructure is intercritically

annealed, austenite nucleates and grows at martensite

lath boundaries [8]. The areas left by austenite remain

as ferrite. Subsequent quenching transforms the aus-

tenite into martensite with fine and needle-like mor-

phology [8, 12]. In this study, the initial microstructure

of the FM specimens before intercritical annealing was

also martensite. However, the martensite structure was

over tempered before reaching the intercritical

annealing temperatures due to the slow heating rate

(4 �C min–1) (martensite decomposes to ferrite and

cementite as temperature increases. This cementite

would further spheroidize and coarsen under the slow

heating conditions). Thus, martensites after intercriti-

cal heat treatment had fine equiaxed morphology

instead of needle-like shape. The martensite volume

fractions after quenching from 724 and 760 �C were

~18% and 43%, respectively, in both the CM and FM

specimens.
Fig. 2 Microstructure of as-sintered specimen before intercriti-
cal heat treatment (F: ferrite; P: pearlite)
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The hardness values of the specimens are given in

Table 2. The macrohardness values of the as-sintered

specimens were lower than those of the CM and FM

specimens. In the CM and FM specimens, the increase

in intercritical annealing temperature increased the

martensite volume fraction and thus there was a slight

increase in their macrohardness values. As known an

increase in intercritical annealing temperature, results

in a decrease in carbon content of austenite (mar-

tensite after quenching). Thus the microhardness val-

ues of martensite are lower for the specimens that were

intercritically annealed at 760 �C. The microhardness

of the ferrite around martensite increased slightly with

increasing martensite volume fraction (Table 2). It is

believed that this increase in ferrite hardness is due to

formation of mobile dislocations in the ferrite adjacent

to the martensite [18].

Tensile properties

The stress–strain curves of the sintered and intercriti-

cally annealed specimens (CM, FM) are shown in

Fig. 4. Although, the yield and tensile strengths of the

as-sintered specimen were very low, its ductility values

were higher than those of the intercritically annealed

specimens. Furthermore, the as-sintered specimens

showed a clear yield point. The volume fraction, dis-

persion and morphology of the martensite also affected

the tensile behavior of the specimens. With the increase

in martensite volume fraction, yield and tensile strength

increased while ductility decreased. Similar relations

were also observed by the present authors in the

intercritically annealed and conventionally heat treated

(quenched + tempered) low carbon P/M steels [19].

Previous studies have also shown that [8, 9] a small

mean distance between fine martensite islands gives

rise to decreased dislocation mobility in the ferrite,

thereby increasing the yield strength. The yield/tensile

strength and ductility values of the FM specimens were

higher than those of the CM specimens. However, the

ductility values in those specimens were not as high as

those of dual phase ingot steels [5, 8, 12]. Specimens

fractured just after the maximum tensile strength was

reached. Thus, the uniform elongation and total elon-

Fig. 3 Martensite
morphology in CM and FM
specimens (white area is
martensite; dark gray area is
ferrite)

Table 2 Properties of sintered and heat treated specimens

Samples Intercritical
annealing
temperature (�C)

Martensite
volume
fraction (%)

True yield
stress (MPa)

True tensile
stress (MPa)

Fracture
elongation (%)

Hardness
(HV5)

Microhardness
(HV0.05)

Martensite Ferrite

Sintered – – 112 ± 11 239 ± 13 10.8 ± 1,79 97 ± 3 – –
CM 724 18 261 ± 18 427 ± 15 5.1 ± 0,47 206 ± 5 838 ± 43 142 ± 6

760 43 319 ± 19 496 ± 16 4.7 ± 0,35 215 ± 7 496 ± 6 162 ± 7
FM 724 18 325 ± 16 443 ± 22 7.5 ± 0,56 212 ± 10 747 ± 33 154 ± 16

760 43 334 ± 21 538 ± 19 6.9 ± 1,71 219 ± 8 434 ± 18 166 ± 11
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gation values were nearly the same. Moreover, no clear

necking was observed in the fracture region of the

specimens. The absence of necking was caused by the

pores in the sintered material. The loads applied to

P/M specimens in a tensile test are carried by the bonds

occurring between sintered powder particles [20]. As a

consequence, in the FM and CM specimens, micro-

necking was observed between powder particles

(Fig. 5).

In P/M materials the strength and ductility are

controlled by the amount of effective load-bearing

section. The ductility of P/M materials with porosity is

low since plastic deformation occurs mostly at necks

between particles [1]. The martensite islands formed in

the intercritically annealed specimens increased strain

hardening and decreased ductility. The highest strain-

hardening rate was observed in the FM specimens with

a fine ferrite + martensite microstructure.

In this study, all the specimens with ferrite + mar-

tensite microstructures exhibited a continuous yielding

behavior, which is characteristic of dual phase steels.

This continuous yielding was caused by the mobile

dislocations formed in the ferrite as the austenite

islands transform to martensite during quenching after

the intercritical annealing [21]. For a fixed martensite

volume fraction the fine-grained dual phase FM spec-

imens showed higher tensile and yield strength than

the coarse-grained CM specimens. This can be

explained by the fine martensite and ferrite grain size

and the short mean distance between martensite is-

lands [22].

The stress–strain curves obtained in this study are

similar to those that were found in previous P/M steel

studies in the literature [23]. As known it is very dif-

ficult to get full densities in P/M steels through single

act pressing and sintering. In general, the mechanical

properties of P/M steels that cannot be fully densified

are affected by the properties, amount and morphology

of the second phase (bainite, martensite, etc.) in the

structure. The present study has also shown that the

amount, morphology and the hardness of the mar-

tensite in the ferrite matrix affected the tensile prop-

erties.

As in dual phase ingot steels, ferrite volume fraction

and martensite size also determined the ductility in this

study. Ferrite volume fraction decreased while the

martensite volume fraction increased, which resulted in

a decrease in ductility. The ductility values of the fine-

grained FM specimens were higher than those of the

coarse-grained CM specimens. This can be attributed
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to the formation of microvoids during tensile test [24,

25]. In specimens with coarse martensite islands, the

amount of interconnected martensites are more, which

causes microvoid enlargement due to easy fracture of

martensite even at low strains and thus low ductility

values (Fig. 6).

An increase in strength with an increase in mar-

tensite volume fraction is one of the general properties

of dual phase steels [22]. The tensile properties are also

affected by the chemical composition of the martensite

(for example carbon content) [26, 27]. Davies [28]

stated that martensite volume fraction has greater

effects on the tensile properties of dual phase steels

than the chemical composition of the martensite.

During the tensile test, microplastic regions can be

seen at the inter-particle necks near the pores even at

low stresses. This causes early fracture [29] of speci-

mens. These plastic regions spread into the matrix and

may induce a pore volume growth with a correspond-

ing decrease in the effective load-bearing section [29,

30]. In addition, depending on the pore irregularity and

matrix deformability, microcracks may also occur at

pore edges and spread more readily during tensile test

[29, 31–33]. In this study, the matrix phase was ferrite.

The inter-particle neck regions may be ductile or

brittle depending on the phase that exists there. If a

ductile ferrite grain exists at a pore edge, microcracks

may be arrested by the ferrite grains. However, if there

is martensite at a pore edge, pores can create a notch

effect on martensite promoting fracture. This causes

ductility to decrease as happened in the CM specimens.

Hard regions like martensite islands in the micro-

structure of P/M steels increase strain-hardening rate

and decrease ductility [34]. Also, ductility may be

decreased by bainite formation in the microstructure

[35]. Coarse and adjacent martensite islands cause the

formation of inhomogeneous deformation. Similarly if

martensite islands are adjacent to each other as they

were in the CM specimen (Fig. 3a, b), microvoid

enlargement that causes fracture occurs even at lower

plastic strains [36]. It was stated that formation and

enlargement of microvoid occur with either fracture of

martensite islands or de-cohesion of martensite/ferrite

interface [37].

In the CM specimens, martensite islands are con-

sidered to have formed generally between sintered

powder particles. This may be supported by the

observation that microcrack formation in the early

stage of deformation took place at the coarse mar-

tensite adjacent to the pores in the microstructure.

Consequently, the ductility values of these specimens

were lower than those of the fine-grained FM speci-

mens. However, in the FM specimens, because of the

homogenous dispersion of fine martensite islands

within the microstructure, martensite islands were less

likely to be adjacent to the pores (Fig. 3c–d). Also, in

these specimens, microcracking might be delayed

because microvoids at the ferrite–martensite interface

are less likely to be adjacent to the pores. Thus, rela-

tively high ductility values may be obtained even at a

higher deformation rate. A number of researchers [8,

12] have shown that fine-grained dual-phase micro-

structure produced from a fully martensitic initial

microstructure leads to better tensile properties than

coarse-grained dual-phase microstructures produced

from a coarse ferrite + pearlite microstructure when

compared at the same martensite volume fraction. In

the FM specimens, microcrack propagation might have

been prevented by the interaction of micro voids with

each other. Microvoids that occur due to deformation

can combine with pre-existing pores in the structure of

P/M steels. This accelerates microcrack formation at

pores. In P/M steels, heterogeneously dispersed

microstructures decrease ductility, yield strength and

strain-hardening rate. However, while hard regions

(such as martensite) in the microstructure increase

yield strength and strain-hardening rate, ductility

decreases [23].

Figures 7 and 8 present the SEM images of fracture

surfaces after tensile tests. In the as-sintered specimen,

fracture surface showed microdimples occurring locally

at sinter necking (Fig. 7). The fracture surfaces of

coarse-grained CM specimens were cleavage and pre-

dominantly dimple type (Fig. 8a, b). In the literature, it

is stated that in dual phase steels, coarse-grained

martensite islands crack more easily than fine-grained

martensite islands [27]. In this study, cleavage areas
Fig. 6 Microvoid formation due to the martensite cracking in
CM specimen (F: ferrite; M: martensite)
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after tensile test were clearly seen in the coarse-grained

CM specimens. Coarse and contiguous martensites

cracked at the early stage of deformation. Thus it is

considered that microcracks in the martensite and

ferrite caused cleavage fracture. With an increase of

intercritical annealing temperature, martensite volume

fraction increases while the carbon content of mar-

tensite decreases, causing the hardness of martensite

islands to decrease. However, despite this hardness

decrease, the coarse-grained CM specimens annealed

at 760 �C still showed cleavage fracture areas. This can

be attributed to increased contiguity of martensite is-

lands due to the increased martensite volume fraction.

In the fine martensite dispersed FM specimens,

cleavage type areas were not observed on the fracture

surfaces after tensile testing (Fig. 8c, d). The fine

martensite particles were well separated from each

other, keeping the fracture path predominantly in the

ferrite. This is reflected by the observation of dimple

fracture. Also in these specimens local dimple fractures

occurred between powder particles (grain boundaries).

Conclusions

The effect of intercritical heat treatment on tensile

properties of 0.3 wt.% graphite added iron-based

powders were investigated. The results are as follows:

1. In the as-sintered specimens, pearlite colonies with

typical lamellar morphology nucleated and grew

from the prior austenite boundaries. The yield and

tensile strength of the as-sintered specimen was

low but its ductility values were higher than those

of intercritically annealed specimens. The sintered

specimens showed a clear yield point.

2. After intercritical heat treatments, coarse mar-

tensite microstructures at the coarse ferrite grain

boundaries were produced in the specimens with

an initial microstructure of ferrite + pearlite. Homo-

geneously dispersed equiaxed martensite in the

ferrite matrix was produced in the specimens with

an initial microstructure of fully martensitic.

3. In intercritically annealed specimens, tensile

properties were affected by volume fraction,

dispersion and morphology of martensite. With

increasing martensite volume fraction, the yield

Fig. 7 Fracture surface of as-sintered specimen

Fig. 8 Fracture surface of
CM and FM specimens tensile
tested after intercritical
annealing heat treatment
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and tensile strength increased but ductility values

decreased. Higher strength and ductility values

were obtained in specimens with fine fer-

rite + martensite microstructure.

4. The fracture surfaces of coarse-grained fer-

rite + martensite specimens were a mixture of

cleavage and dimple type. In fine martensite dis-

persed specimens, cleavage type areas were not

observed on the fracture surfaces after tensile

testing.
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19. Tekeli S, Güral A (2005) Mater Sci Eng A 406:172
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