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SINTER-HARDENED Fe-3%Mn-0.8%C PM STEELS

WPLYW SZYBKOSCI CHLODZENIA NA STRUKTURE, POROWATOSCI I WLASNOSCI MECHANICZNE SOIEKANYCH STALI

MANGANOWYCH Fe-3%Mn-0,8%C PM STEELS

New applications for manganese PM steels are continuously introduced on the market. Many of these new applications
utilize the unique possibilities of powder metallurgy to achieve high strength in combination with close dimensional tolerances
and to minimize the manufacturing operations. The mechanical properties of PM steels are affected by many factors, including
the green and as-sintered densities, porosity, sintering temperature, sintering atmosphere and cooling rate.

In this paper the influence of cooling rate on structure, porosity and mechanical properties of sintered manganese
PM steels is discussed. The materials used was Fe-3%Mn-0.8%C steel, prepared of commercial iron powder, finely ground
Fe-77%Mn-1.3%C low-carbon ferroalloy, and carbon added in the form of graphite powder. Following mixing in double cone
laboratory mixer, the mixtures of powders were cold compacted into standard tensile specimens according to 1SO 2740/MPIF
or rectangular specimens, 55x10X5 mm in size. Zinc stearate was used for die wall lubrication. To achieve green densities ~7.0
gem™, the pressing pressure was 660 MPa for “dogbone” specimens and 820 MPa for rectangular specimens. Sintering was
carried out in laboratory furnace at 1120°C and 1250°C. After sintering, the specimens were cooled to the room temperature at
different cooling rates (4.5-65°C/min). The hydrogen atmosphere with -60°C dew point was used to prevent of sublimation and
oxidation of the manganese. Densities (green and as-sintered) of samples varied from 6.87 gem™ to 7.02 gem ™ for “dogbone”
and from 6.91 gcm™ to 7.03 gem™ for rectangular specimens. The porosity analysis and microstructure investigations were
pursued using light-optical microscope. The measured values of mean equivalent circular diameter (ECD) and mean pore
area for specimens sintered at 1250°C were consistently lower, than for their counterparts sintered at 1120°C. However higher
internal porosity was observed in samples sintered at 1250°C. The sintered microstructures were sensitive to the cooling rate.
Slow furnace cooling between 4-9°C/min resulted in pearlitic structures for sintering temperature 1120°C and pearlitic structures
with some ferrite for specimens sintered at 1250°C. Martensite, fine pearlite, bainite and retained austenite characterize the
steel cooled from 40°C/min to 65°C/min rate.

Keywords: powder metallurgy (PM), PM manganese steels, porosity characterisation, mechanical properties

Stale manganowe, produkowane metodami metalurgii proszkéw, znajdujg coraz szersze zastosowanie, z kt6rych wiele
wskazuje na mozliwosc otrzymania wyrobéw spiekanych o wysokich wlasno$ciach wytrzymatosciowych w polaczeniu z matymi
tolerancjami wymiarowymi przy niskich naktadach koszt6w. Wiasno$ci mechaniczne spiekanych stali zalezg od wielu czynnikéw
takich jak gesto$¢, temperatura i atmosfera spiekania oraz predko§¢ chiodzenia.

W pracy opisano wplyw predkosci chlodzenia na strukturg, porowato$¢ i wiasnosci mechaniczne spiekanych stali mangano-
wych. Badanym materialem byta stal o skladzie Fe-3%Mn-0,8%C, wykonana z proszku zelaza NC100.24, proszku niskoweglo-
wego zelazomanganu (Fe-77%Mn-1.3%C) oraz proszku grafitu C-UF. Mieszanie realizowano w mieszalniku dwustozkowym. Z
przygotowanej mieszanki proszkéw, metoda jednokrotnego prasowania w stalowej matrycy, wykonano dwa rodzaje wyprasek:
zgodne z PN-EN ISO 2740, przeznaczone do badari wytrzymalosci na rozciaganie oraz prostopadio$cienne, o wymiarach
55x10x5 mm, przeznaczone do badan wytrzymatosci na zginanie, udarnosci oraz twardosci. W procesie prasowania prébek,
Jjako §rodek poslizgowy zastosowano stearynian cynku w celu zabezpieczenia stempli i Scianck matryc przed uszkodzeniem.
Wypraski spiekano w wodorze o punkcie rosy -60°C w dw6ch temperaturach: 1120°C i 1250°C. Po spiekaniu ksztattki chio-
dzono predko$ciami zmieniajacymi si¢ w zakresie od 4,5°C do 65°C. Zastosowanie podczas spiekania probek wodoru miato
na celu zapobiezenie sublimacji i tworzenia si¢ tlenkéw manganu. Gestoéci wyprasek i spiek6w wynosity odpowiednio 6,87
g/em’ i 7,02 g/lem® dla probek wytrzymatosciowych oraz 6,91 g/em® i 7,03 g/em® dla prébek prostopadiosciennych. Analiza
porowatosci zostata wykonana na podstawie obserwacji mikroskopowych spiek6éw. Uzyskane wartosci $redniej Srednicy zastep-
czej (ECD) i éredniej powierzchni poréw dla probek spiekanych w temperaturze 1250°C byly nizsze niz dla prébek spiekanych
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w temperaturze 1120°C. Stale spiekane w temperaturze 1250°C charakteryzowaly si¢ wicksza wewngtrzng porowatoscig. W
wyniku chlodzenia prébek w zakresie predkosci od 4,5°C/min do 16°C/min uzyskano strukturg perlityczng z niewielkq iloscia
ferrytu lub bainitu. W spiekach chtodzonych z predkoscia 30°C/min wystgpowat bainit gérny, drobny periit oraz bainit dolny i
martenzyt, odpowiednio dla temperatur spiekania 1120°C i 1250°C. Daiszy wzrost szybkosci chiodzenia powodowat tworzenie
sie w strukturze spiekéw bainitu iglastego, martenzytu i austenitu szczatkowego.

1. Introduction

Alloys for ferrous structural PM parts are essentially
low to medium carbon low alloy steels containing vary-
ing amounts of either or both cooper and nickel, and of-
ten, small amount of more expensive molybdenum. This
is because these elements have easily reducible oxides
and their use has been dictated by production equipment
and manufacturing constraints rather than by sound of
metallurgical reasoning. Manganese would be an obvi-
ous choice for such high strength application if only this
element could be protected from oxidation during sinter-
ing [1]. Cias and co-workers [2-5] overcame this problem
in laboratory and pilot scale. It is now widely recognised
that the mechanical properties and dimensional changes
of the sintered manganese steels depend on grade of the
iron powder and sintering temperature variations and al-
so at different sintering atmosphere dew point level [6].
Manganese PM steels exhibit smaller dimensional scatter
than those containing copper.

Present developments towards high performance PM
ferrous structural parts include alloy modifications in-
volving also chromium and manganese, as evidenced by
Hoganiis Astaloy CrM powder with 3 wt.-% Cr [7] and
Mn contents in some of Stackpole's alloys approaching
1% (6, 8, 9]. In different laboratories alloys containing up
to 4 wt. -% Mn and 3 wt. -% Cr have been reproducibly
PM processed without the formation of the deleterious
oxide networks [1-4, 10-15]. Although tensile strengths
can approach 1000 MPa with 2% ductility [4, 14], the
alloy compositions and heat treatments remain to be op-
timised.

The reaction of manganese with various sintering at-
mospheres was the subject of works [15, 16]. Oxidation
of manganese can be overcome by using iron powders
with low contents of oxygen, and ferromanganese pow-
ders. The cold single-pressed and sintered PM steels,
with correctly chosen composition, made from different
grades of iron and ferromanganese powders, sintered at
1250°C or at lower temperatures in combination with
use of atmosphere with very low dew point and oxy-
gen content, can reach tensile strength values above 700
MPa [16]. It is possible to attain strengths in excess of
1 GPa in such PM manganese steel [18, 19]. These high
strength values are achieved only at certain contents of
combined carbon in the alloy. In order to avoid decarbur-
ization and oxidation during sintering in wet hydrogen or

hydrogen/nitrogen atmosphere, the Fe-Mn-C alloy must
be protected from decarburization and oxidation by using
semi-closed containers or gettered boxes [1].

The strength of a sintered alloy steel component
is limited by the largest flaw size present. These flaws
arise from pores and oxides present in the initial pow-
der and green compact. Hence, in order to manufac-
ture stronger PM steel, the starting powder must be
processed in a manner that either reduces the size of
the Mn oxide aggregates or eliminates them entire-
ly. That can be achieved by low dew point local mi-
croatmosphere processing of the green compact [20].
The Fe-3%Mn-0.8%C alloy has been developed over a
four-year research programme [1], in which major ef-
fort has concentrated in controlling oxygen pickup dur-
ing sintering. This problem arises because of the high
oxygen affinity of manganese. Brittleness in manganese
steels processed in ,,wet” atmospheres is associated with
the formation of continuous oxide networks; eliminating
their formation by sintering in an atmosphere adhering
to the Ellingham-Richardson oxide reduction criteria is
responsible for a transition to ductility [16, 20, 24].

The vapour pressure of manganese has decisive ef-
fect on sintering alloying Mn steel. It is evident that in
Fe-3%Mn alloy sintered at 1120°C the Mn vapour vol-
ume, generated by manganese sublimation in the com-
pact is considerably higher than the pore volume [25-28].
Sublimation of manganese leads to capillary penetration
of Mn vapour and formation of large secondary pores
at the sites of sublimed particles of the alloying added
ferromanganese powder [20].

In this study, green compacts were prepared and
their sintering behaviour as well as the importance
of their porosity for diffusion-induced changes in mi-
crostructure was investigated. These preliminary tests
aimed on achieving information on the internal porosity
as well as the amount and size of the micro-scale defects
inside the consolidated and sintered Mn steel object. The
purpose of this study was also to determine the effects of
different techniques of PM steel preparation on porosity
in a sintered compact.

2. Materials and methods

Commercial sponge iron powder was used to pre-
pare the Fe-3%Mn-0.8%C PM alloy. Manganese was in-
troduced as finely ground Fe-77%Mn-1.3%C low-carbon



ferroalloy with particle size below 40 pm and median of
15 um (Table 1 and Fig. 1); carbon was introduced as
C-UF graphite (Fig. 2). Mixing was performed with a
double-cone mixer at 60 rpm for a period of 60 minutes.

TABLE 1|
Chemical composition of ferromanganese powder after screening
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lo <40um
Ferromanganese Chemical composition of the
type ferromanganese powders, wt.-%
Mn € 0] N Fe
Elken II 76.96 | 1.3 | 0.19 | 0.02 | Bal.

Fig. 1. SEM micrograph and particle size distribution

of Elkem ferromanganese powder

Zinc stearate was used for die wall lubrication and
the powders were compacted into standard “dogbone”
tensile specimens conforming to ISO 2740/MPIF Stan-
dard 10 or rectangular specimens, 55x10x5 mm. The
pressing pressures were 660 and 820 MPa, respectively,
to achieve green densities in the range of ~7.0 gcm™3.
The lower punch was stationary during compaction.
Compacts dimensions were measured with an electron-
ic micrometer and the specimens were weighed on an
analytical balance.

Sintering was carried out for 1 hour in a pure hydro-
gen atmosphere with -60°C dew point, in a laboratory
furnace having Kanthal APM tube, at 1120°C or 1250°C.

In order to reduce manganese sublimation and ox-
idation, the specimens were placed in semi-closed con-
tainer and slowly moved into the sintering zone. At
the end of the sintering operation the specimens were
moved to the water-cooled end of the tube for “convec-
tive” cooling. The ranges of cooling rates (CR), deter-
mined between 800°C and 300°C, summarised in Tables
3 and 5, were investigated. Chemical analyses of sintered
Mn steels showed, in addition to minor manganese loss,
some (0.2-0.3 %) decarburization of the steels with con-
current oxygen losses of up to 0.2%. So, although the
steels nominally contained 0.8 wt.-% of carbon, the ac-
tual carbon contents of specimens sintered at 1120 and
1250°C were ~0.6 and ~0.5 wt. -% of carbon, respec-
tively.

The results of two separate techniques were checked

Fig. 2. SEM micrograph of graphite powder

against each other and then used to evaluate various
strength parameters of the steel: the tensile strength (TS)
and transverse rupture strengths (TRS). TRS and TS of
the specimens were measured with MTS testing ma-
chine. Beams like rectangular cross section specimens
were prepared from the consolidated powder and tested
in 3-point bending. The TRS were calculated according
to Navier formula.

The percent porosity was calculated in support about
Archimedes law. The specimens were observed and anal-
ysed using an optical microscope. This system uses a
standard light microscope, digital camera, capture card
to give the operator live video of the sample on the pol-
ished section and software for accurate particle distri-
bution information. Resolution limits most reproducible
analysis by optical microscopy to approximately 1 pm
pores with theoretical resolution limit of about 0.2 pm
(depend upon wavelength of illumination source). Eleven
polished section images of the specimens were obtained
vertically along the height of the specimens (Fig. 4.).
The images were digitally reconstructed and the sizes,
numbers and total volume ratio of the pores, which ex-
isted in the specimens, were determined. Digitalisation
was the process of converting the continuously varying
voltage output of the video signal into a discrete array of
pixels whose values corresponded to the intensity of the
parts of the original image that they represented. The
percentage of porosity exposed by this was then mea-
sured by digital imaging the sample, designating (via
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SigmaScan Pro 4.0 computer program) what areas were
“void” (porous) areas, and dividing that area by the total
area of the sample. This technique complies with ASTM
Standard E1245-00, which addresses porosity measure-
ment [29]. The modular structure of the software used
allows the self-creation of needed algorithms for poros-
ity characterisation and surface flaw detection. A big
library of graphical tools for camera and light control,
classical images treatment, comprehensive list of image
types ensures image compatibility- including up to 16-bit
gray scale images, porosity data inversion, mathematical
tools, visualisation and data stocking permit an easy cre-
ation of special image analysis routines.

To investigate the porosity of sintered PM man-
ganese steel the following parameters were measured:

e The area of the pore (S), calculated directly from the
pore pixel count on the camera sensor.

e Area fraction — the area of the pores represented as
the proportion of the image that the pores occupy.

e Perimeter (P) — the length of the pore perimeter cal-
culated from the pore pixel count on the camera sen-

SOr.

Pores sizes were expressed using calculated param-
eter, equivalent circular diameter (ECD), used most-
ly for optical microscopy-based technique where the
profile of the three-dimensional pore is observed on
two-dimensional plane. ECD is the diameter of a cir-
cle having the same area as the image of the pore, al-
so known as Haywood Diameter [26]. If the area of a
measured pore is S the equivalent circular diameter is
calculated as

4-§
=== D

T

ECD =

Pore size and size distribution data can be presented
in varied forms. Recognising that there is no single def-
inition of pore size, ISO 9276-1: 1998 standard defines
particle size as the diameter of a sphere having the same
volume; this is known as equivalent spherical diameter.
This standard concentrates on issues pertaining to the
graphical representation of particle size analysis data,
particularly as represented in the forms of histograms,
density distributions and cumulative distributions. The
distributions in questions apply not only to powders, but
also to pores, over any Size range.

3. Porosity characterisation by microscopy-based
technique

Optical microscopy was performed on the sam-
ples in order to correlate the results obtained from the
Archimedes’ principle to the metallographically mea-

sured. Samples were examined for internal porosity con-
tent by mounting them in “metallographic” mounts,
grinding them down and polishing.

In porous materials gas phase appears in the form
of a ¥? (three-dimensional) set of convex bodies (pores)
distributed randomly but homogeneously in the /R* ma-
terial space (three-dimensional Euclidean space). The
basic quantitative characteristic of Y* are: the pore den-
sity, Ny, and the distribution function as the density of
pores with their size less than a given value. The mea-
surement of Ny parameter and Ny (D) function by stere-
ological methods is an indirect procedure, which based
on direct measurements of quantitative characteristics of
set with a known geometrical object [30].

Microscopy based techniques for pore size charac-
terisations provide a powerful tool for characterisation of
pore size, size distribution and morphology. They involve
direct observation of pores and the consequent determi-
nation of size based on a defined measure of diameter.
Equivalent circle diameters are used when size determi-
nation is conducted by evaluating the projected profile
of a pore.

4. Results
4.1. Porosity

The results for the measurements performed in this
study are illustrated in Figs. 3 and 4 and summarised
in Table 2. Figure 4 illustrates an example of a sample
(after mounting, grinding and polishing) along with a
digitised image showing the area measurement (Fig. 3).

As shown in Table 2, the measured values of mean
equivalent circular diameter (ECD) and pore mean area
from specimens sintered at 1250°C were consistent-
ly lower, than those from the other measurements for
1120°C for all cooling rates.

Results of this analysis are displayed in Figs. 5-8,
which are plots of the fraction of the data subset as
a function of porosity parameters. These plots show
the fraction of the total pores that demonstrated a giv-
en porosity parameter. The solid rhombic lines indi-
cate the distributions for samples cooled at cooling rate
4.5°C/min, while the dashed quadratic and triangular
lines show the distribution for samples cooled at cooling
rate 31°C/min and 65°C/min, respectively.

However, the plot also shows there is a significant
difference in the perimeter levels seen between the two
sintering temperatures, with the cooling rate combina-
tion showing significantly reduced levels. No significant
difference is seen in the slowly and rapid cooled sam-
ples. The pores were rounded in specimens sintered at
1250°C.
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TABLE 2

Porosity measurement of Fe-3%Mn-0.8%C PM steels

i Sintering temperature 1120°C
Cooling rate, “C/min Pore area, pm? Por;tlg%rlimlezlggoum ECD, um P?rr:;ie:)r:a
4.5 mcan value 13.77 12.59 2.97 0.083
median 3.25 6.76 2.04 -
31 mean value 16.02 14.21 3.21 0.105
median 3.98 7.61 2.25 -
65 mean value 17.66 14.83 3.36 0.127
median 3.98 7.71 2.25 -
Sintering temperature 1250°C
Cooling rate, ° C/min Pore area, pnm2 perinl:;zer, um ECD, um P?:::tie:)r:a
4.5 mean value 11.33 11.09 2.59 0.086
median 2.17 5.56 1.66 -
31 mean value 11.94 10.70 2.47 0.114
median 1.45 4.60 1.36 -
65 mean value 6.34 8.82 1.80 0.176
median 0.90 3.86 1.07 -

height of the 55x10x5mm (height x width x length) rectangular specimen

Significantly more internal porosity was observed in
the samples sintered at 1250°C. As was shown in Table
2, all measured porosity fraction values for these samples
were higher in the contrary to the samples sintered at
1120°C. A reasonable explanation for this could be that
Mn is trapped in the closed pores and, after sublimation,
the vapours are unable to migrate to the surface due to
the lack of opened pores. These trapped vapours are then

preserved as Mn oxides in the compact after cooling.
Due to this observed increase in porosity in samples
rapid cooled after sintering, efforts were made to miti-
gate the porosity through a procedural change. The data
supports the hypothesis that this technique should help
minimise porosity, since the Mn is vaporised before the
pore is closed. Significantly lower porosity was observed
in samples made using furnace-cooling technique.
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4.2. Mechanical properties

During investigations, the green and as-sintered den-
sities, microhardness and microstructure, yield (Rq off-
set) and ultimate strengths in tension (UTS) tensile elon-
gation (A) and bending (TRS) were determined for at
least 20 specimens (Tables 3-5). Density of samples
varied from 6.87 gcm™ to 7.02 gcm ™ and from 6.91
gem™ to 7.03 gem™3, for green and as-sintered samples,
respectively. Cross-sectional hardness was changed with
increasing cooling rate from 217 HV30 up to 318 HV30

and from 239 HV30 up to 335 HV30, for steels sintered
at 1120°C and 1250°C, respectively.

The higher sintering temperature resulted in more
rounded porosity and slight improvement in mechani-
cal properties (cf. Table 5). Slow cooling rates favoured
plasticity. Cooling below 4.5°C/min produced pearlite
with attendant ductility (1.0-1.7%) and strengths up to
595 MPa (tensile) and 1330 MPa (TRS). At higher cool-
ing rates less homogeneous, macroscopically brittle mi-
crostructures comprising pearlite, bainite, martensite and
retained austenite resulted.
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Fig. 5. Graphical representation of the equivalent circular diameter distribution for specimens sintered at 1120°C and cooled with 4.5, 31,
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Fig. 8. Graphical representation of the pore perimeter distribution for specimens sintered at 1250°C and cooled with 4.5, 31, and 65°C/min
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4.3. Chemical analyses

Chemical analyses of these sintered Mn steels (Table
6) showed, in addition to minor Mn losses, some (0.2-0.3

losses of up to 0.1%. So, although the steels nominally
contained 0.8 %C, the actual carbon contents of speci-
mens sintered at 1120°C and 1250°C were ~0.6%C and
~0.5 %C, respectively.

%) decarburization of the steels with concurrent oxygen
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TABLE 3
Microstructure of investigated Fe-3%Mn-0.8%C PM steels. Sintering temperature 1120°C and 1250°C
CR, o ol 5
°C/min 1120°C CR, °C/min 1250°C
5and 9 Pearlite Sand 9 Pearlite + proeutectoid ferrite
16 Fine pearlite 20 Fine pearlite + feathery bainite
30 Feathery bainite + fine pearlite 32 Acicular bainite + martensite
47 Acicular bainite + martensite + Mn-rich 41 Acicular bainite + martensite + retained
austenite austenite
Acicular bainite + martensite + retained Acicular bainite + martensite + retained
above 55 : above 57 .
austenite austenite
CR - cooling rate
TABLE 4
Microstructure HV 0.05, of the constituents existed in Fe-3%Mn-0.8%C sintered steels.
Constituent | Hardness HV 0.05 | Constituent | Hardness HV 0.05
Ferrite 95 - 160 Bainite 280 — 440
Pearlite 210 - 260 Martensite 580 - 690
TABLE 5
The effect of cooling rate on the mechanical properties of Fe-3%Mn-0.8%C steels sintered at 1120°C and 1250°C
| 1120°C 1250°C
R R
CR UTS 0.2 TRS CR UTS 0.2 TRS
] L] ﬂ: t., L] 7. s ﬂ: t, ) )
“Cmin | MPa | ‘\ps A% Mmpa | cCmin | MPa | yp, A%l Mpa
5 478 380 1.1 1272 5 595 460 1.6 1327
9 506 414 1.0 1230 9 614 477 1.2 1310
16 568 460 1.1 1195 20 583 511 1.6 1210
30 557 516 0.6 1124 32 586 545 0.6 1193
47 559 478 0.7 1100 41 521 442 0.6 1080
55 535 518 0.6 954 57 491 404 0.6 1097
64 486 ND 0.6 1060 62 507 ND 0.6 993
CR - cooling rate, ND — not defined
TABLE 6

Results of carbon and oxygen analysis of Fe-3%Mn-0.8%C compacts after sintering at 1120°C and 1250°C

Cooling rate, °C/min 1120°C Cooling rate, °C/min 1250°C
Average carbon Average oxygen Average carbon Average oxygen
content, % content, % content, % content, %
1.3 0.617 0.250 1.4 0.496 0.130
65 0.658 0.201 65 0.530 0.151

5. Summary

The majority of sinter-hardened steels developed or
investigated usually contain copper and nickel in addi-
tion to molybdenum and sometimes chromium and man-
ganese [22, 23, 37]. Since elemental nickel is classed as
carcinogenic [38] and copper prevents steel recycling, it
was than worth of investigation Mn-rich compositions.
The processing drawbacks associated with oxidation of

manganese and chromium can be solved by sintering in
hydrogen rich atmospheres with low dew point [1, 2, 11]
and/or use of semi-closed containers and getters to attain
the required dry microclimate. Additionally these prob-
lems are reduced at higher sintering temperatures, which
further promote homogeneity and pore rounding. All da-
ta gathered in the present work indicates, that Cu [and



Ni]-free manganese steels are capable of sinter harden-
ing, even in conventional PM processing furnaces.
Only minor dimensional changes resulted from sin-
tering; the average densities were near 7.0 g/cm™>. The
main microstructural features and their microhardness
are summarised in Tables 3 and 4. The microstructures
of the specimens sintered at the lower temperature had
finer grain sizes, but also reflected the compositional in-
homogeneity in the contrary to the specimens sintered at
1250°C. Therefore the characteristic features described
in Table 1 are not a complete microstructural description.
In manganese steel the porosity can be either prima-
ry or secondary or a combination of the two, referred to
as dual porosity. Primary porosity is the inter-granular
porosity inherent to the iron powder, generated at the
time of compacting. Secondary porosity is the porosi-
ty created by post-forming processes, e.g. sublimation,
melting, evaporation or dissolution of the manganese
and/or ferromanganese particles. Investigated Mn steels
are characterized by their dual porosity: they contain
both primary (micropore) and secondary (mesopore)
porosity systems. The primary porosity system contains

a) SEM image

b) Mn X-ray dot map
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the vast majority of the gas-in-place, while the sec-
ondary porosity system provides the conduit for man-
ganese vapour mass transfer to the iron powder and sin-
tering microatmosphere. Primary porosity water vapour
and oxygen storage is probably dominated by adsorption.
The primary porosity is relatively impermeable due to
small pore size. Mass transfer for each gas molecular
species is dominated by diffusion that is driven by the
concentration gradient. Manganese vapour flow proba-
bly mainly through the secondary porosity. When the
natural porosity system pressure drops below the critical
desorption pressure at given temperature, water vapour
and oxygen starts to desorb from the primary iron par-
ticles interface and is released into the porosity system.
As a result, the adsorbed and combined oxygen concen-
tration in the primary porosity system is reduced. This
reduction creates a concentration gradient that results in
mass transfer by diffusion through the micro and meso-
porosity. Combined oxygen continues to be released as
the temperature is increased, and oxides are accumulated
in secondary mesopores (Fig. 9) [11].

¢) O X-ray dot map

Fig. 9. Typical oxide networks of Fe-3%Mn-0.8%C (sponge iron powder + ferromanganese powder) alloy sintered at 1120°C in a poor dew

point of about -15°C [11}]

Further experimental observations have allowed us
to refine and confirm some aspects of our recently pro-
posed mechanism for diffusion between ferromanganese
particle and iron powder compact, particularly regarding
the prediction of Mn vapour as the dominant diffusing
species and the nature of the dependence of ferroman-
ganese particle morphology on the presence of voids in
the Fe. Salak obtained his most promising results using
an iron powder produced using an eddy mill technique
to disintegrate iron wire mechanically (Hametag powder)
[26].

Overall, presented results show there is a greater
tendency for porosity to occur in samples made in high-
er sintering temperature conditions (1250°C) than those
made in lower temperature sintering (1120°C), regard-

less of which cooling rate is used. The hypothesised rea-
son for this is that manganese vaporised (sublimed) and
was trapped in the pores. With the presence of oxygen
and water vapour, even in the reduced dew point cases, it
reacts with this vapour and/or resublimed into the pores
seen in these measurements. The secondary porosity is
originated from the sublimation of ferromanganese par-
ticles.

One of the biggest effects of any change in capil-
lary pore space properties is on the diffusivity of the
manganese vapour. Clearly, if one size system is still
penetrated when a smaller size is not, at the same overall
porosity, then there could be a significant difference be-
tween the diffusivities of the two, even though the larger
system will be connected through smaller pores. It is
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clear that as the capillary porosity penetration threshold
decreases, the diffusivity at a given porosity increases
because the pore space is better connected farther away
from its percolation point. As the capillary porosity de-
creases, the effect of the capillary porosity also decreas-
es, with the overall permeability being controlled by the
amount and diffusivity of the Mn vapour phase. Since at
any given capillary porosity, the opened pore fractions
of all the different size systems are not the same, the dif-
fusivities should become not similar once the porosity
has passed the vapour penetration threshold for sintered
compact system.

To utilise to the maximum extent the effect of sub-
limation and condensation of manganese vapours on al-
loying, iron compacts must have mainly opened pores, at
least at the start of sintering, ensure that by filling these
pores the manganese vapours can affect the surface of
all particles [21]. Closed pores can develop in PM steels
in a wide variety of ways connected with their fabrica-
tion route, heat treatment or deformation. Examples of
these types in Mn steels are primary pores and sintering
secondary pores when manganese particles sublime leav-
ing large pores behind. The sublimation of manganese
and disappearance of the ferromanganese particles at sin-
tering temperature takes place almost immediately [27,
28]. The distinction is generally between pores which
contain a very low gas pressure (voids) and pores which
contain Mn vapour at a pressure which at least balances
(and may exceed) the surface tension forces (bubbles).
In physics of the manganese steel sintering we shall in
general refer to pores, distinguishing between voids and
bubbles only where necessary. However, this distinction
is rarely meaningful since it is generally very difficult to
determine the gas pressure inside a cavity. The empirical
dividing line between “voids” and “bubbles” is then sim-
ply that on sintering voids generally shrink while bubbles
remain the same size or grow.

Resolution of the porosity effects on permeability
and diffusivity is very difficult. Permeability is funda-
mentally an intermediate-scale spatially-averaged prop-
erty that depends on a range of microscopic properties,
including the network properties of pores, which often
form a significant secondary porosity and permeability
in sintered materials.

Water vapour and oxygen alone do not significant-
ly contribute to porosity. However, they form oxides
whose morphology affects sintering. Mn and O form
oxide, which is network like. In the absence of reduc-
ing microatmosphere, the length of the oxide network
like phase increases with increasing the oxygen con-
tent of the alloy and with decreasing cooling rate. On
the other hand, in the presence of reducing microat-
mosphere, the effect is reversed. Oxide network heavily

blocks the manganese interparticle diffusion and hinders
homogenisation. This morphology impedes densification
and leads to porosity. Finally, sintering temperature and
atmosphere play the most significant role in sintering
process.

1t has been shown that total porosity appears to be
the first-order factor in determining the strength of the
Mn steels; however, the distribution of porosity likely
has a secondary effect on strength. The trends in the ul-
timate strength versus (total) porosity data indicate that,
although there is a large scatter in the data, there is a
correlation between strength and porosity.
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