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Abstract. Sintering behavior in both high purity N2 and Hj-containing atmosphere of Fe-(Cr)-
(Mo)-C compacts was investigated. Turbula mixer was used for preparing the mixtures of powders
with different Cr, Mo and C content. Following mixing, using single-action pressing in a rigid die
at pressing pressure 400 MPa, green compacts with density level 5.9+0.17 g/cm® were pressed.
Sintering was carried out in a horizontal push rod dilatometer Netzsch 402E at 1120 and 1250°C
for 60 min. Heating and cooling rates were 10 and 20°C/min., respectively. After heating, com-
pacts were isothermal sintered at 1120 or 1250°C for 60 minutes and cooled up to 200°C, then iso-
thermally hold for 60 minutes and definitely cooled to the room temperature. Pure nitrogen and
mixture of 5% H»-95% N, were employed as sintering atmospheres. During investigations the in-
fluence of isothermal sintering temperature, chemical composition of sintering atmosphere, chro-
mium, molybdenum and carbon content was followed by dilatometry. The aim of investigations
was to determine transformation temperatures. It was shown that both sintering parameters and
chemical composition of powder mixture has a great influence on sintering behaviour of Fe-(Cr)-
(Mo)-C compacts.
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1 Introduction

Powder Metallurgy (PM) technology can be used for production of structural material parts of ma-
chines. These include cogwheels, piston rings, compressor wings, even space shuttle skin plating, and
household objects. More than 90% of world PM materials are iron-based materials (Cias, 1992;
Mazahery & Shabani, 2012; Missol, 1972). The powder metallurgy route consists mainly of four stag-
es: powders’ production, mixing, the compacts fabrication and sintering. Very often the post-sintering
treatment is needed for increasing the properties of PM parts (Mazahery & Shabani, 2012). Sintered
materials based on pure iron are characterised by low mechanical properties. To increase the mechani-
cal properties, the additives have to be employed. Very often it is carbon, added in the form of graphite
in the maximum amount of 0.3% (Cia$ et al., 2003). According to the carbon content, several micro-
structures can result: ferrite-pearlite, pearlite or pearlite with pro-eutectoid cementite (Cias, 1992;
German, 1994). Tensile strength of carbon steels does not exceed 520 MPa, and to obtain higher prop-
erties, it is necessary to introduce alloying elements such as Cu and Ni (Cia$, 2004; Klein et al.,
1985b; Salak & Selecka, 2012; Zapf et al., 1975). However, problems with recycling scrap metal con-
taining copper and the high price of nickel result in the substitution of these elements in sintered steels
by Mn, Mo and Cr (Cias, 2004; Cia$ et al., 2003; Cygan, 2013; Gac, 2012). Such sintered steels attain
higher mechanical properties in comparison with Cu and Ni steels. What is more, they can be pro-
duced with lower costs (Gac, 2012; Hryha et al., 2007; Sutowski & Cias, 2011).

Chromium is a very important alloying element in PM steels. It increases strength, hardness and
hardenability and forms hard carbides. Chromium, which has a somewhat stronger carbide-forming
tendency than iron, partitions between the ferrite and carbide phases ((Fe, Cr)sC, CrzCs and Crz3Cs).
Chromium also influenced the toughness and the wear resistance of steel.

Molybdenum is also very often used as an alloying element in sintered steels. Because of its high
affinity for carbon Mo forms carbides (e.g. MosC) which improves the hardenability of steel (Cias,
2013; Gac, 2012; Kulecki, 2013; Lichanska, 2014; Hryha et al., 2007; Sutowski & Cia$, 2011;
Hoganis, 2002; Bergman & Bengston, 2009).
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Manganese is potentially and important alloying element in sintered steels. To date it has not been
exploited beyond 0.7 wt.% due to its extremely high affinity for oxygen (Klein, Oberacker, &
Thummler, 1985a; Klein et al., 1985b; Salak, 1980a, 1980b). Therefore, the use of Mn as an alloying
element requires special precautions. The Mn oxides cannot be reduced during sintering at conven-
tional temperatures and atmospheres without strict dew point control. To protect the material from
oxidation, the combination of “high” sintering temperature and a “low” dew point is required, e.g. at
1120°C -55°C is required. However as was shown in (Sutowski & Cias, 2011), the mechanical proper-
ties of Mn and Mn-Cr-Mo steels after sintering in low-hydrogen atmospheres or in air are comparable
to those obtained after sintering in rich-hydrogen atmospheres. Usually PM steels are sintered at
1120°C, but high temperature sintering (HTS) - at for example 1250°C - give the possibility of oxide
reduction because the thermodynamic stability of an oxides decreasing with increasing the sintering
temperature. HTS promotes also homogenization of the microstructure and leads to increasing the
mechanical properties of sintered steels.

PM industry needs that during production of PM high precise parts, dimensional changes must be
known and controlled very carefully to keep tolerances of sintered materials. Thus, in this paper a
study of the temperature and atmosphere effect on dimensional changes of Fe-Cr-Mo-C compacts is
presented.

2 Experimental procedure

The following commercial pre-alloyed Héganés iron powders were used:
e Astaloy CrA grade powder (Fe-1.8% Cr),
e Astaloy CrL grade powder (Fe-1.5% Cr-0.2%Mo),
e Astaloy CrM grade powder (Fe-3% Cr-0.5% Mo),
o commercial C-UF Ho6ganis fine graphite powder.

The starting powders were mixed without lubricant in Turbula mixer for 30 minutes. The following
mixtures were prepared:

e Astaloy CrA +0.4% wt.-%C, Astaloy CrA + 0.8 wt.-%C
e Astaloy CrL + 0.4 wt.-% C, Astaloy CrL + 0.8 wt.-% C,
o Astaloy CrM + 0.4 wt.-% C, Astaloy CrM + 0.8 wt.-% C.

The mixtures were compacted, using uniaxial pressing at 400 MPa, into rectangular specimens of
size 4x4x15 mm?® and green densities of about 5.9+0.17 g/cm® (Table 1). The sintering experiments
were carried out in a horizontal push rod dilatometer NETZSCH 402E both in pure N (purity 5.0) and
in mixture of 5%H»-95%N. (purity 4.6). The dew point of atmosphere was at least -55°C. The flow
rate of atmosphere was 10 ml/min.

Compacts were heated at 10°C/min to the isothermal sintering temperature of either 1120°C or
1250°C. Isothermal sintering time was 60 minutes. It should be noted that the dilatometer used could
not maintain the constant cooling rate during the whole cooling period. Thus, the cooling rate from
isothermal temperature down to about 380°C was 20°C/min (0.33°C/s). To obtain constant cooling
rate up to room temperature, samples were isothermally hold at 200°C for 60 minutes and then cooled
to the room temperature. The temperature control was accurate to £ 1°C. In Table 1 the scheme of
dilatometric investigations is shown. As-sintered density of samples were in the range of about
5.91+0.12 g/cm? (Table 1). Dilatometric curves were afterwards analysed by Netzsch Thermal Analy-
sis computer program.

3 Results

The results of dilatometric investigation of Fe-Cr-Mo-C are presented in Figs. 1-8 and divided into
three parts: the effect of carbon concentration, the effect of chemical composition of sintering atmos-
phere and the effect of sintering temperature on dimensional changes of C containing compacts based
on Astaloy CrA, Astaloy CrL and Astaloy CrM Hoganéds grade powders.
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Table 1. The scheme of dilatometric investigations.

Carbon content, | Type of base Sintering temperature, Sample de- Green density, do, | As-sintered densi-
WE.-% powder °C, and atmosphere scription g/cm3 ty, di, g/cm3
1120 1A 5.70 5.72
CrA 1250 3A 5.95 6.01
1120 1L 5.86 5.82
crL 1250 N2 3L 5.86 5.85
CrM 1120 1M 5.85 5.73
0.4 1250 3M 5.69 5.70
' CrA 1120 2A 5.81 5.88
1250 1A 5.78 5.90
crL 1120 5%H2- 2L 5.97 6.04
1250 95%N2 4L 5.74 5.77
CrM 1120 2M 5.79 5.70
1250 AM 6.03 5.83
CrA 1120 5A 5.93 5.83
1250 7A 6.09 5.98
1120 5L 5.97 5.88
crL 1250 N2 7L 6.03 6.11
crm 1120 5M 5.98 5.97
08 1250 ™ 5.97 5.97
' CrA 1120 6A 5.36 5.95
1250 8A 6.11 6.01
CrL 1120 5%H2- 6L 6.03 6.08
1250 95%N2 8L 6.17 6.12
crm 1120 6M 6.11 6.05
1250 8M 5.82 5.85

3.1 The effect of carbon concentration

In Figs. 1-4 dilatometric curves for steels containing different carbon concentration are pre-
sented.

From Fig. 1 can, be observed that after sintering at 1120°C in nitrogen atmosphere, the highest di-
mensional stability was obtained for the steel sample based on Astaloy CrA powder with addition of
0.4 wt.-% C (1A). The highest dimensional changes were recorded for steel based on Astaloy CrL
powder with addition of 0.4 wt.-% C (1L). The temperature of « — y phase transformation was in the
range 774°C-911°C and 827°C-904°C for steels containing 0.4 and 0.8 wt.-% C, respectively.

After sintering at 1120°C in the mixture of 5%H2-95%N. (Fig. 2), the highest dimensional stability
was obtained for the steel sample based on Astaloy CrM powder with addition of 0.4 wt.-% C (2M).
The lowest dimensional stability was observed for steel based on Astaloy CrA powder with addition of
0.4 wt.-% C (2A). The increasing the carbon content in steels caused the bigger dimensional changes
during the whole sintering cycle (sample 6M and 6L in the contrary to the sample 2M and 2L). The
carbon content in steels based on Astaloy CrA powder has an influence on their shrinkage during a —
y phase transformation. The temperature range of this transformation was 750°C-912°C and 752°C-
886°C for steels containing 0.4 and 0.8wt.-%C.

After sintering at 1250°C in nitrogen atmosphere (Fig. 3), the highest dimensional stability was
obtained for the steel sample based on Astaloy CrA powder with addition of 0.4 wt.-% C (3A). The
highest shrinkage was recorded for steel based on Astaloy CrM powder with addition of 0.8 wt.-% C
(7M). The temperature of @ — y phase transformation was in the range 767°C-892°C and 751°C-
891°C for steels containing 0.4 and 0.8 wt.-% C, respectively.

After sintering at 1250°C in the mixture of 5%H>-95%N (Fig. 4), the highest dimensional stability
was obtain for the steel sample based on Astaloy CrL powder with addition of 0.4 wt.-% C (4L). The
lowest dimensional stability was observed for steel based on Astaloy CrA powder with addition of 0.8
wt.-% C (8A). After sintering at 1250°C for all samples shrinkage was observed. The temperature
range of this transformation was 846°C-914°C and 747°C-815°C for steels containing 0.4 and 0.8 wt.-
%C.
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Fig. 1. Dilatometric curves for sintering cycles at 1120°C in nitrogen (samples: CrA+0.4%C (1A),

CrA+0.8%C (5A), CrL+0.4%C (LL), CrL+0.8%C (5L), CrM+0.4%C (1M), CrM+0.8%C (5M))
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Sintering conditions - 1120°C/5%H,-95%N,; samples containing 0.4%C
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Fig. 2. Dilatometric curves for sintering cycles at 1120°C in mixture of 5%H>-95%N, (samples: CrA+0.4%C
(2A), CrA+0.8%C (6A), CrL+0.4%C (2L), CrL+0.8%C (6L), CrM+0.4%C (2M), CrM+0.8%C (6M))
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Sintering conditions - 1250°C/N,; samples containing 0.4%C
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Fig. 3. Dilatometric curves for sintering cycles at 1250°C in nitrogen (samples: CrA+0.4%C (3A), CrA+0.8%C
(7TA), CrL+0.4%C (3L), CrL+0.8%C (7L), CrM+ 0.4%C (3M), CrM+.8%C (7M))
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Fig. 4. Dilatometric curves for sintering cycles at 1250°C in mixture of 5%H>-95%N, (samples: CrA+0.4%C
(4A), CrA+0.8%C (8A), CrL+ 0.4%C (4L), CrL+0.4%C (8L), CrM+0.4%C (4M), CrM+0.8%C (8M))
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3.2 The effect of chemical composition of sintering atmosphere

In Figs. 5-8 the dilatometric curves for sintering in atmosphere with different chemical composition
are presented.
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Fig. 5. Dilatometric curves for sintering cycles at 1120°C of samples containing 0.4 wt.-% carbon after
sintering in N2 (samples: CrA+0.4%C (1A), CrL+0.4%C (1L), CrM+0.4%C (1M)) and in the mix-

ture of 5%H,-95%N, (samples: CrA+0.4%C (2A), CrL+0.4%C (2L), CrM+0.4%C (2M))
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Sintering conditions - 1120°C/N,; samples containing 0.8%C
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Fig. 6.

Dilatometric curves for sintering cycles at 1120°C of samples containing 0.8 wt.-% carbon after
sintering in N2 (samples: CrA+0.8%C (5A), CrL+0.8%C (5L), CrM+0.8%C (5M)) and in the mix-
ture of 5%H,-95%N, (samples: CrA+0.8%C (6A), CrL+0.8%C (6L), CrM+0.8%C (6M))
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Sintering conditions - 1250°C/5%H,-95%N,; samples containing 0.4%C

400
350 / —~\
[ \

25 / \

200 /N

150 N \

100 v

/4 N\ N\

v v/4 SO\ —m

-50 w—%—}ee—ﬁe%zéevz%e—we—zso —

-100 ——4A
\ N\

o o

-250 \

-300 \

-350 N

-400

Al, um

time, min

Fig. 7. Dilatometric curves for sintering cycles at 1250°C of samples containing 0.4 wt.-% carbon after
sintering in N2 (samples: CrA+0.4%C (3A), CrL+0.4%C (3L), CrM+0.4%C (3M)) and in the mix-
ture of 5%H,-95%N, (samples: CrA+0.4%C (4A), CrL+0.4%C (4L), CrM+0.4%C (4M))
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Fig. 8. Dilatometric curves for sintering cycles at 1250°C of samples containing 0.8 wt.-% carbon after

sintering in N2 (samples: CrA+0.8%C (7A), CrL+0.8%C (7L), CrM+0.8%C (7M)) and in the mix-
ture of 5%H,-95%N, (samples: CrA+0.8%C (8A), CrL+0.8%C (8L), CrM+0.8%C (8M))

From Figs. 5-8 can be concluded that after sintering steels containing 0.4 wt.-%C at 1120°C the
highest dimensional stability was recorded for sample 1A, based on Astaloy CrA powder, sintered in
nitrogen; the worst dimension stability was observed in sample 2M, based on Astaloy CrM powder,
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sintered in 5%H>-95%N> mixture. The fastest @« — y transformation was recorded in sample 2L -
750°C-883°C. On the opposite was transformation in 2A sample — its phase transformation tempera-
ture range was 872°C-912°C. Both samples were sintered in the mixture of 5%H>-95%N.. In the group
of steels containing 0.8 wt.-% C, the best dimensional stability was observed of Sample 5L, based on
Astaloy CrL powder, sintered in nitrogen and the lowest dimensional stability was obtained in sample
6A (Astaloy CrA based powder) after sintering in the mixture of 5%H;-95%N,. The fastest a — y
transformation was recorded in sample 6L - 752°C-817°C. On the opposite was transformation in 5L
sample — its phase transformation temperature range was 889°C-904°C.

The increase the sintering temperature had negligible effect on the @ — y phase transformation
temperature. The temperature range was varied from 767°C-822°C to 861°C-886°C and from 747°C-
812°C to 847°C-891°C, for steels sintered in nitrogen and mixture of 5%H>-95%N..

4 Conclusions

Based on present work, the following concluding remarks can be drawn:

The @ — y phase transformation range for all investigated steels was similar.
During isothermal sintering in all sample’s shrinkage was observed.

The higher carbon concentration influenced bigger shrinkage in investigated steels.
Sintering in nitrogen caused good dimensional stability of investigated steels.

The financial support of the Ministry of Science and Higher Education under AGH contract no
11.11.110.299 is acknowledged.

References
Cia$, A. (1992). Zarys metalurgii proszkow. Warszawa. Polska: WSziP.

Cias, A. (2004). Development and Properties of Fe-Mn-(Mo)-(Cr)-C Sintered Structural Steels.
Krakow: AGH.

Cia$, A. (2013). Effect of local sintering microatmosphere on mechanical properties of Fe — 3Cr-
0.5Mo -0.6C steel. Powder Metallurgy, 56(3), 231.

Cia$, A., Mitchell, S. C., Pilch, K., Cia$, H., Sutowski, M., & Wronski, A. S. (2003). Tensile
properties of Fe-3Mn-0.6/0.7C steels sintered in semiclosed containers in dry hydrogen,
nitrogen and mixtures  thereof. Powder Metallurgy, 46(2), 165-170.
https://doi.org/10.1179/003258903225005312

Cygan, S., (2013). Obrobka cieplna spiekanych stali manganowo-chromowo-molibdenowych.
Krakéw: AGH

Gac, P., (2012). Wtasnos$ci mechaniczne i mikrostruktura spiekanych stali o zawartosci 3% Mn, 3% Cr
i 0,5% Mo obrobionych cieplnie. Krakow: AGH.

German, R. M. (1994). Powder metallurgy science second edition. Princeston: MPIF.

Klein, A. N., Oberacker, R., & Thummler, F. (1985a). High Strength Si-Mn-Alloyed Sintered Steels -
Microstructure and Mechanical Properties. Powder Metallurgy International, 17(2), 13-16.

Page | 12




Technical University of Varna DOI: 10.29114/ajtuv.vol2.iss2.79

Annual Journal Vol 2 No 2 (2018)

ISSN 2603-316X (Online) Published: 2018-12-21

Klein, A. N., Oberacker, R., & Thummler, F. (1985b). High strength Si-Mn-alloyed sintered steels —
Sinterability and homogenization. Powder Metall Int., 17(2), 71.

Kulecki, P., (2013). Wiasno$ci mechaniczne i struktura spiekanych stali konstrukcyjnych. Krakow:
AGH.

Lichanska, E., (2014). Wptyw parametrow wytwarzania na wlasnosci spiekanych stali Mn-Cr-Mo 0
niskiej zawartosci wegla. Krakow: AGH.

Mazahery, A., & Shabani, M. (2012). Characterization of wear mechanisms in sintered Fe-1.5 wt %
Cu alloys.  Archives of  Metallurgy and Materials, 57(1), 93-103.
https://doi.org/10.2478/v10172-011-0158-x

Missol, W. (1972). Spiekane czesci maszyn. Katowice. Polska: Slask

Hryha, E., Cajkova, E.& Dudrova E. (2007). Study of reduction/oxidation processes in Cr-Mo
prealloyed steels during sintering by continuous atmosphere monitoring. Powder Metallurgy
Progress, 7(4), 181-197.

Salak, A. (1980a). Sintered Manganese Steels, Part I: Effect of Structure of Initial Iron Powders Upon
Mechanical Properties. Powder Metallurgy International, 12(1), 28-31.

Salak, A. (1980b). Sintered Manganese Steels, Part Il: Manganese Evaporation During Sintering.
Powder Metallurgy International, 12(2), 72—75.

Salak, A., & Selecka, M. (2012). Manganese in Powder Metallurgy Steels. Cambridge International
Science Publishing Ltd. https://doi.org/10.1007/978-1-907343-75-9

Sutowski, M., & Cias$, A. (2011). Microstructure and mechanical properties of Cr-Mn structural PM
steels. Archives of Metallurgy and Materials, 56(2), 293-304. https://doi.org/10.2478/v10172-
011-0033-9

Bergman, O. & Bengston, S. (2009). Influence of sintering temperature and component density on the
properties of prealloyed PM steel grades containing Cr, Mo and Mn. In Proc. of EuroPM
2009, Copenhagen, Sweden, v. 1, Sintered steels Il — Sinterhardening, p. 35-40.

Zapf, G., Hoffmann, G., & Dalal, K. (1975). Effect of additional alloying elements on the properties of
sintered manganese steels. Powder Metallurgy, 18(35), 214-236.
https://doi.org/10.1179/pom.1975.18.35.014

North American Hoganéds handbook for iron and steel powders for sintered components (2002).
Hogands AB.

Page | 13



