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MICROSTRUCTURE AND MECHANICAL PROPERTIES OF Fe-2.2Mn-1.5Cr-0.2M0-0.3C STEEL SINTERED AT 1120°C AND

1250°C

MIKROSTRUKTURA 1 WEASNOSCI MRCHANICZNE STALI Fe-2.2Mn-1.5Cr-0.2Mo-0.3C SPIEKANE] W TEMPERATURACH

1120°C AND 1250°C

In an attempt to study the sinterability of a potential high-strength ferrous alloy Fe-2.2Mn-1.5Cr-0.2Mo-0.3C (AGH2.2-1.5),
compacts, based on Hoganis Astaloy Cr-L (Fe-1.5Cr- 0.2Mo) water atomised pre-alloyed iron powder, were prepared. Low-carbon
ferro-manganese of weight % composition 77Mn-1.3C-0.20-balance Fe and CU-F graphite were admixed. The samples were
sintered at 1120 and 1250°C in a laboratory tube furnaces in nitrogen or 95% nitrogen 5% hydrogen atmospheres with dew
points better than ~70°C and cooled at cooling rate 10Kmin~'. Generally resultant microstructures were homogeneous and
consisted of bainite and martensite; they were characterised by the absence of oxide networks. Sintered densities were in the
range of 6.8-7.0 g/cm?®. Mechanical properties were measured in the as-sintered condition, giving good combination of strength
and ductility. Mean fracture strengths of the specimens were 730 MPa in tension and 1170 MPa in bending. The fracture data
were analysed using Weibull statistics. This method is often used when evaluating the mechanical properties of “flaw-sensitive”,
primarily sintered, materials. By using the Weibull probabilistic relations the resulting variability in the data can be quantified.
Weibull moduli, m, were generally in the range 8-13 for tensile strength and 11-15 for transverse rupture strength.

Keywords: sintered steels, sinterhardening, tensile strengths; transverse rupture strength, quasi-brittle fracture, fracture
probability, Weibull analysis

W celu zbadania procesu spiekania potencjalnie wysokowytrzymalego stopu zelaza wykonano wypraski, kt6rych pod-
stawowym skiadnikiem byt rozpylany, stopowy proszek zelaza Hoganis Astaloy Cr-L (Fe-1.5Cr-0.2Mo). Do proszku tego
domieszano proszek niskoweglowego zelazomanganu o sktadzie 77Mn-1,3C-0,20 (% masowe) — reszta Fe oraz proszek grafitu
gatunku C-UF. Wypraski spiekano w temperaturze 1120°C i 1250°C, w laboratoryjnym piecu rurowym, w atmosferze azotu
oraz w atmosferze zlozonej w 95% z azotu i w 5% z wodoru, o punkcie rosy ponizej —70°C, po czym prébki chtodzono z
predkoscia 10Kmin'. Badane materiaty charakteryzowaly sig jednorodng mikrostrukturg, skladajaca si¢ z bainitu i martenzytu
oraz cechowaly si¢ brakiem siatki tlenkéw. Wiasnosci mechaniczne stopu badano bezposrednio po spiekaniu. Stop ten ulegat
przemianie w strukturg bainityczno-martenzytyczng o dobrej kombinacji wytrzymatosci i ciagliwosci. Prébki po spiekaniu cha-
rakteryzowaly sig gestosciami od 6,8 g/cm® do 7,0 g/cm?®. Posiadaty one Srednig wytrzymatosci na rozciaganie 730 MPa oraz
wytrzymato$¢ na zginanie 1170 MPa. Wyniki badari wytrzymato$ciowych poddano analizie przy uzyciu statystyki Weibulla.
Metoda ta jest czgsto stosowana, gdy ocenia si¢ wlasnosci wytrzymalosciowe materiatléw czulych na obecno$é wad — gléwnie
materialéw spiekanych. Uzycie probabilistycznych zaleznosci Weibulla umozliwito ilosciowy opis zmiennosci uzyskanych
wynikéw badar. Moduty Weibulla, m, obliczone na podstawie wynikéw badari wytrzymatosci prébek uzyskanych w statycznej
prébie rozciagania, miescily si¢ w przedziale od 8 do 13 oraz od 11 do 15 - w przypadku wynikéw uzyskanych w oparciu o
badanie wytrzymatosci na zginanie tréjpunktowe.

1. Introduction Fe-Mn-Cr-C alloys, since they contain inexpensive alloy-

ing additions and offer some prospects of commercial

Chromium and manganese base steels are being
evaluated to replace many of nickel-containing sys-
tems, due to the relatively low cost of chromium (Cr
- $4500 USD/ton; Ni - $26000 USD/ton; Mo - $77000
USD/ton [1]). Particular attention is devoted to complex

*

utility. Current developments towards high performance
PM ferrous structural parts include alloy modifications
involving chromium and molybdenum, as evidenced by
Hogiinids Astaloy CrL powder with 1.5%Cr. Mn contents
in some of Stackpole’s alloys approach 1% [2]. In our
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laboratories alloys containing 1-3% Mn and 1.5-3%Cr
have been reproducibly PM processed without the for-
mation of deleterious oxide networks {3-5]. Although
tensile strengths can approach 900 MPa with 2% ductil-
ity, these alloys compositions and heat treatments remain
to be optimised.

This paper deals with the effects of the sinter-
ing temperature and atmosphere on microstructure and
mechanical properties of Fe-2.2Mn-1.5Cr-0.2Mo-0.3C
(AGH2.2-1.5) alloy. The sinterhardening response (hard-
ening during the cooling cycle after sintering) of this PM
steels at low cooling rate (10Kmin.™") is investigated. A
continuous cooling diagram was created for the alloy of
composition now studied, and is reproduced as Fig. 1. It
shows that AGH2.2-1.5 steel has good sinterhardening
characteristics.

Cias and Mitchell [6,7] have reported on laboratory

sintering, at temperatures as low as 1120°C, of 2-4%
manganese steels in dry, hydrogen-rich atmospheres to
yield predominantly pearlitic microstructures devoid of
oxide networks. This is a significant finding, since nu-
merous previous similar attempts were thwarted by this
problem and did not result in industrial exploitation.
The majority of the experiments were conducted on 3
Mn-0.6%C alloys and for these Ry, was in the range
275-500 MPa, tensile strength, (TS), 300-600 MPa, (ap-
parent) transverse rupture strength, (TRS): 640-1260
MPa and plastic strains were up to 7%. When care-
ful control of processing was maintained, reproducibil-
ity of mechanical properties was achieved, with the
2-parameters Weibull modulus, m, attaining a value of
17 [6].
In order to further improve the mechanical properties
of PM steel, one or both of the alloying elements Cr
and Mn may be added, as already accomplished by
Stackpole [2] on an industrial scale. In the current
work several approaches are being employed, including
the use of already pre-alloyed powders, comprising the
newly-introduced Ni-free Astalloy Cr-L, and of ferro-
manganese. The processing philosophy involved adding
graphite and ferro-manganese fines to standard industrial
iron powder grades. The aim is to understand the sin-
tering process of Fe-Mn-Cr-Mo-C steel: in particular the
effects of sintering atmosphere on the formation and dis-
sociation of manganese oxide, and sintering temperature
on the operating mechanisms. It is postulated that such
understanding is beneficial to the development of new
compositions of powders and of PM alloy compositions
and of their robust processing routes for the manufacture
of medium- to-high duty automotive engine components
with mechanical properties matching those of wrought
steels. On an industrial scale, some Stackpole alloys are
already in this category.

An additional advantage of such Fe-Mn-Cr-Mo-C
materials is that they do not contain expensive copper
and nickel. Copper in steel presents recycling problems
and nickel is recognised as allergenic and carcinogenic,
which therefore attracts increasingly stringent legislation,
e.g. ref. [8].

Some elements used for alloy strengthening in tra-
ditional cast and wrought steels, such as Cr and Mn,
have been avoided in PM due to their affinity to oxy-
gen and difficulty of reducing their oxides in the process
[6,7]. However both Mn and Cr are more effective ferrite
strengthening elements than for example Ni and thus are
obvious candidates for improved PM alloys providing the
sintering process can be sufficiently modified. Mn and
Cr tend to form stable oxides and there is no prospect
of reducing these at low temperatures in wet, oxygen
containing atmosphere. Ellingham-Richardson diagram
is a useful tool to predict oxide stability for different
temperatures and oxygen pressures. From E-R diagrams
it can be seen, that at -40°C dew point and for the hy-
drogen atmosphere the redox line is crossed at 1250°C
for Mn and in excess of 1000°C for Cr [6,7], although
when they are in an alloy form the situation is somewhat
more favourable. Therefore oxidation and reduction phe-
nomena at higher temperatures, including the local dew
point of the microatmosphere immediately surrounding
the compacts, need to be considered. It should be added
that this includes manganese vapour and its oxidation
and condensation.

In the development of high-strength structural
Fe-Cr-Mo-C PM steels with tensile strength >500MPa,
it is advisable to asses alloys which have sufficient hard-
enability to avoid the high-temperature pre-eutectoid fer-
rite reaction on furnace cooling with cooling rate ~35
— 20 Kmin.”!, when quenching facilities are not avail-
able. Work at AGH has concentrated on using addition
of manganese to water atomised pre-alloyed powders for
this purpose, and present investigation was intended to
determine the optimum amounts of manganese to give
a high-strength bainitic structure over a wide range of
cooling rates.

A considerable amount of sintering takes place dur-
ing the heating part of the sintering cycle especially in
the case of alloys containing Mo which tend to raise the
alpha-gamma transformation temperature. This can lead
to the formation of oxide veins within the material, even
when using H2-25%N; sintering furnace atmosphere at
dew points as low as -70°C. Even the addition of carbon
in graphite form does not fully overcome the problem,
as significant diffusion of carbon does not seem to occur
below 800°C . It has been noted in the laboratory that a
1% addition of fine elemental Mn has greatly reduced the
formation/retention of oxide veins. This is probably due



to the formation of Mn vapour at ~ 700°C [6,7], which
reacts with the particles and rises the alpha-gamma trans-
formation at these surfaces, thus delaying formation of
closed porosity until a sufficiently high temperature has
been reached for reduction of chromium oxides. The
form in which alloying elements are to be added is
probably the most difficult problem. For instance fine
(~5um) master alloy, 25Mn-23Cr-22Mo-22Fe-7C-0.10
(MCM), 25.5Mn-23V-25.5Mo-20Fe-5C-0.60 (MVM),
40Mn-20Mo-32Fe-7C-0.30 (MM), additions have been
attempted [6]. However, despite initially promising prop-
erties when 2-4 wt. % of master alloy was added, this
prospective processing route was abandoned due to ex-
cessive die wear caused by the grinding action of the
alloy carbides (content between 50 and 90% of the mas-
ter alloy).

Conveyor belt furnaces widely applied in the in-
dustry have their limitation in the maximum operating
temperature of the high-temperature zone (practicable
at 1120 to 1150°C). The recent developments in PM
low-alloy structural steels require higher temperature.
Sintering a chromium-alloyed material at 1180-1250°C
gives much better mechanical properties than sintering
at 1120°C. The improved process conditions cannot be
reached economically by using conveyor belt furnace.
High-temperature furnaces operating up to 1280°C and
equipped with sinter-hardening zone are fairly complex
and expensive.
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Fig. 1. Continuos cooling tranformation diagram for AGH2.2-1.5
steel and several superimposed cooling curves demonstrating the final
microstructure; cooling rates taken at 500°C

2. Experimental procedure

For this study, a mix composition based on Héganiis
Astaloy CrL prealloyed powder was prepared. Addi-
tions were of manganese and carbon; 0.3% of carbon
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was introduced as fine Hogands CU-F fine graphite
and 3% of manganese as < pm Elkem low carbon
ferro-manganese powder. The Elkem powder was a
by-product, “fines”, from welding electrode production,
of composition 77Mn-1.3C-0.20-0.02N-balance Fe.

The choice of nominal alloy final composi-
tion AGH2.2-1.5 was influenced by, actual exper-
imentally determined CCT diagrams (Fig. 1) and
computer-generated, multi-component phase diagrams.
In particular the influences of sintering atmosphere
on densification, microstructure and microcompositions
were to be investigated.

Mixing and die compaction (typically at 600 MPa),
to give green densities in the range 6.8-7.0 g/cm®, were
followed by sintering in a horizontal laboratory furnace
in a nitrogen or nitrogen-rich (N2-5% Hj) atmosphere at
1120 and 1250°C. Inlet dew points, in the range -60 to
-70°C (15 ppm moisture) and gas flow rates were careful-
ly controlled. To produce a Mn-rich micro-atmosphere
(“microclimate”, self-gettering effect), the specimens
were sintered in a semi-closed stainless steel container
with a labyrinth seal. Compacts were heated to the sinter-
ing temperature, at a rate of 75Kmin~!, and held at 1120
or 1250°C for 60 minutes. The convective cooling rate,
determined in the temperature range of 1100-500°C,
was approximately 10Kmin~!. The furnace heat resisting
Kanthal APM tube included a water-jacketed convective
cooling zone.

We made a special effort to obtain the maximum
amount of information on the bainitic-martensitic struc-
tures encountered. Conventional metallographic exami-
nation techniques were used. The tensile bars were sec-
tioned, polished, and prepared for metallographic anal-
ysis (etched with 3% nital). These were examined met-
allographically, including estimates of the volume per-
centage of these structures, while the percent of retained
austenite was determined by an x-ray analysis method.
The latter was based on a statistical computer treatment
of the data which allows the elimination of detrimental
effects of extinction microabsorption.

All mechanical properties were measured using
as-pressed ISO 2740 “dog-bone” tensile specimens. Ten-
sile and transverse rupture specimens were tested on
mechanical and servo-hydraulic industrial machines at
extension rates of ~ 0.5mm/min. Young’s modulus and
fracture strains were recorded.

3. Results

The densities of Fe-Mn-C compacts generally
gained 0.1 g/cm® on sintering, as shown in Table 1, with
specimens sintered at 1250°C in N,-5%H, reaching ~
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7.0 /cm3, 0.2 0/cm3 larger. Carbon content in the start-
g 1= g
TABLE 1

Densities of AGH2.2-1.5 (nominal final composition) specimens
before and after sintering and final carbon contents

Sintering Density, g/cm® Carbon content, wt.%
green | sintered Sintered
1120°C, N 6.8+ 0.02 6.9+ 0.02 0.365
1120°C, N»-5%H, | 6.8+ 0.046.9+ 0.03 0.363
1250°C, N, 6.8+ 0.08(6.9+ 0.03 0.3
1250°C, N,-5%H, | 6.8+ 0.04 7.0+ 0.05 0.296

o, — population standard deviation measured for 30 samples

ing powder mixes was 0.4% and after sintering it varied

from 0.296 to 0.365%, Table 1. Carbon losses can be di-
rectly related to hydrogen/nitrogen ratio in the sintering
atmosphere and to the sintering temperature.

Specimens were tested in tension or simple 3 point
bending. The values of hardness (HV3p), Young’s modu-
lus, ultimate tensile strength (UTS) and failure strain and
also of TRS (ucorrected) were determined for at least 15
specimens of each batch. The results were averaged and
are represented in Table 2.

TABLE 2

Mechanical properties data for as-sintered specimens AGH2.2-1.5

Tepsile
Sintering Young’s UTS S?;llr:lsreto TRS Apparent
modulus (elastic + (uncorrected) hardness

plastic)

GPa MPa % MPa HV3p

1120°C, N, 130 £ 0.5 | 630 + 36 2,5+ 03 1020 + 65 250 + 45
1120°C, N;-5%H, | 131 +£0.8 | 65540 | 2,5+02 950 + 50 260 + 45
1250°C, N, 131 £+ 0.8 | 700 + 37 3+03 1160 + 70 250 + 30
1250°C, N,-5%H, | 131 £ 1.3 [ 730 + 31 3+02 1160 + 50 250 + 50

o, — population standard deviation measured for 11 samples

A very important feature of all the microstructures
was the absence of oxide networks (Fig.1) frequent-
ly characteristic of experimental PM manganese steels
[6,7]. If dew point control is inadequate, there is an asso-
ciation of oxygen and manganese, and, to a lesser extent,
iron. In specimens correctly processed, as in this investi-
gation, oxygen is hardly detectable. All microstructures
were predominantly bainitic, after sintering at 1250°C
more homogeneous and comprised only some retained
austenite.

In specimens sintered at 1120°C microstructures
were inhomogeneous: the transformation to martensite
was incomplete and the austenite grains were relatively
small. With this material, it appears that the increased
transformation to martensite with the accelerated cool-
ing occurs predominantly in the manganese rich ar-
eas, which remain partly as retained austenite. Observed
were complex structures composed of bainite surround-
ing a large number of small, substantially unaligned
austenitic-martensitic areas, which were partially decom-
posed to carbide and ferrite, resembling troostite. Partic-

ularly in the vicinities of prior ferro-manganese particles,
there were regions comprising retained manganese-rich
austenite, which incompletely transformed to martensite.
Mn is a vy stabiliser and these high alloy areas have
a temperature range for complete martensitic transfor-
mation extending to well below room temperature; thus
austenite is retained.

Some acicularity was observed in the structure
of specimens sintered at 1250°C. The structures were
coarser after sintering at 1250°C, consisting mainly of
bainitic and martensitic regions. The high-manganese
regions usually exhibited structures comprising long
coarse martensite laths extending across prior austenite
grains and relatively coarse, martensitic needles through-
out the microstructure. Between these needles there were
regions of almost uniformly dispersed fine martensite,
possibly not tempered, intermixed with a light etching
retained austenite. It is believed that, on cooling, the
martensite transformation is suppressed in these regions,
such that a mixed martensitic and retained austenitic
phases form.



Fig. 2. Microstructure of the specimen sintered in

nitrogen at 1120°C

Fig. 4. Microstructure of the specimen sintered in
N,-5%H, atmosphere at 1120°C

Since the structures were more or less isotropic,
we have generally included them in the bainite class.
In some cases, the light-etching particles appear to be
austenitic ferromanganese particles partly decomposed
to ferrite and carbides. This would account for occa-
sional occurence of ferritic-bainitic regions containing
carbide clusters. An acicular martensite structure can of-
ten be detected in the lightly etched areas, clearly in the
centre, but less distinctly at the edges of the cross sec-
tions of the specimens. In order to establish the nature
of these lightly etched particles and thus secure some
information on their composition, we carried out sys-
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Fig. 3. Microstructure of the specimen sintered in

nitrogen at 1250°C

Fig. 5. Microstructure of the specimen sintered in
N,-5%H, atmosphere at at 1250°C

tematic analyses of large number of specimens. X-ray
analysis of these specimens generally revealed the pres-
ence of residual austenite and carbides (M3Cg, M3C,
and M;C;). There was, however, no direct correlation
between the amount of residual austenite detected by
x-ray analysis and the volume of particles, as determined
by point counting under microscope. These tests clearly
confirmed that some of these particles are two-phase
austenite-martensite in spite of their appearance. The
residual austenite content in the steel was 6.71-15.8% by
x-ray analysis (see Table 3). The highest residual austen-
ite content was found in specimens sintered at 1120°C
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in a nitrogen atmosphere. We have been unable to as- TABLE 3
certain whether the substitutional-element content of this Residual austenite revealed in AGH2.2-1.5 specimens by x-ray
austenite is different from that of the bulk material, but of analysis
its interstitial-elements (carbon and nitrogen) it is raised
considerably. Sintering Residual
The steels investigated contained dual porosity: both aus{em: coten
primary and secondary porosity resulting from disso- -
lution of ferro-manganese particles and Mn sublima- : gLeen
tion, diffusion and condensation. The pores became smiered Sintered
more rounded in specimens sintered at 1250°C, through T120;CHN: 142
greater diffusion of manganese at the higher temperature. LI20:C, Ny, Sl 803
There were no significant differences whether sintering 120G 138
was in nitrogen or nitrogen-5% hydrogen, or whether at 12303C. N5, G
1120 or 1250°C; for the latter the pores were rounder,
larger and fewer in number.
TABLE 4
Results of 2-parameter Weibull analysis of UTS and TRS for as-sintered specimens AGH2.2-1.5
2-parameter Weibull analysis
Sintering UTS Uncorrected TRS corrected TRS
m |oopMPa| R? m | oogMPa| R? m | opMPa | R?
9.8 15.5 133
1120°C, N, 650 0.94 1060 | 0.97 900 0.97
+ 1.6 +29 25
1120°C, 8.4 13 11.1
N,-5%H, 686 0.95 975 0.94 820 0.94
+ 1.4 + 2.5 + 2.1
10.3 13.6 11.8
1250°C, N; 740 0.99 1220 0.91 1060 091
+ 1.7 + 2.6 +22
1250°C, 12.8 13.8 12
N»-5%H, 750 0.92 1200 | 0.97 1040 | 0.97
+ 2.1 +2.6 +23

o, — population standard deviation measured for 11 samples

4. Discussion

These materials were optimised to provide high
strength. The statistical nature of fracture mechanism re-
quires report of not only a mean strength, but also some
parameter describing the distribution of strengths. The
fracture data were accordingly analysed using Weibull
statistics. Weibull parameters o, and m, standard error
in m as well as R? (R — Pearson’s correlation coefficient)
for the series of at 11 specimens are given in Table 4.
Weibull moduli, m, quantifying the scatter, were gener-
ally in the range 8.4-15.5. The latter value indicates high
reproducibility for PM materials. Using stress analyses
for plastically deforming bend specimens [6], true max-
imum tensile stresses were calculated and found higher
than tensile strengths. The value of the transverse rupture

strength can exceed that of ultimate tensile strength of
the same PM material, identically processed, by a factor
up to ~2, although both these parameters relate to the
tensile stress causing fracture.

The analysis takes account of the pre-failure plas-
tic strain, which enables conversion of the nominal
strengths, UTS and TRS, to true fracture stresses [6,7].
Estimates of maximum stresses in beams of AGH2.2-1.5
alloys undergoing simple elastic-plastic bending are giv-
en in Table 4. By taking account of the stress distri-
butions in bend specimens, using Weibull statistics for
failure from the same type of flaw, high degree of cor-
respondence was attained between the tensile strength
and “normalised” maximum tensile stress in bending.
Weibull parameters o, and m, standard error in m as



well as R?, are also given in Table 4 (corrected TRS or
“normalised” tensile stress in bending).
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Fig. 6. Comparative Weibull plots of UTS and TRS data of
AGH2.2-1.5 steel

Processing in flowing hydrogen-rich atmospheres re-
quired dew points dictated by the Ellingham-Richardson
diagrams, e.g. — 55°C at 1120 and — 40°C at 1200°C,
or attainment of a reducing “microclimate”. This was
achieved through the use of semi-closed containers,
which ensured the presence of a cloud of manganese
vapour. This method was developed and extended using
ferro-manganese and carbon as the getter powders or
forming part of the green compact [6]. It should further
be noted that initially hydrogen was employed as the sin-
tering atmosphere, subsequently nitrogen-hydrogen mix-
tures and finely dry technical nitrogen. Furnace atmo-
sphere of nitrogen with a dew point of -55°C proved as
successful as sintering in an atmosphere of equally dry
hydrogen. Specimens sintered at 1120°C and 1250°C,
respectively, possessed similar mechanical properties, ir-
respective of the H,-Nj ratio in the furnace atmosphere.
It can be stated that the processing drawbacks associated
with oxidation of Mn and Cr can be solved by sintering
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in nitrogen or nitrogen/hydrogen atmospheres with low
dew point and/or use of semi-closed containers to attain
the required microatmosphere (“microclimate”). Addi-
tionally these problems are reduced at higher sintering
temperatures, which further promote homogeneity and
pore rounding.

5. Conclusions

The results may be summarised as follows:

1. With an alloy of the composition AGH2.2-1.5 it is
possible to achieve a minimum UTS of 500MPa and
TRS of 900MPa in the as-sintered condition. The
data show that by slow cooling from the sintering
temperature, in a standard conveyor belt furnace, it
is possible to obtain microstructures and mechani-
cal properties that are very similar to those obtained
with commercial PM structural steels by convention-
al quenching and tempering treatments. The combi-
nation of sintering and hardening in one step reduces
the production costs of low alloy steel parts.

2. It is important to note that while AGH2.2-1.5
PM steel show excellent results after slow cool-
ing, in conditions which can be reached econom-
ically by using conveyor belt furnace operated at
1120°C, and not equipped with sinter-hardening
zone. Thus this alloy would not be traditionally
thought of as a “sinter-hardening” material. It is in
fact self-hardening bainitic PM steel with superior
mechanical properties.

3. The results do show that mechanical properties can
be modified for Mn/Cr sintered steel not only by the
presence of martensite, but by control of the bainitic
microstructure as a whole. In more inhomogeneous
steels sintered at 1120°C martensitic regions with
high Mn contents may contain large amounts of re-
tained austenite.
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