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COMPARISON OF CaS AND MnS AS MACHINING AIDS IN 
SINTERED STEELS 

Ch. Gierl, M. Jaliliziyaeian, H. Danninger, K. Vasilko, A. Šalak 

Abstract  
Machining of PM steels is tricky and costly and is avoided if possible. In 
practice, however, many PM parts have to be machined in some way. 
Turning, drilling, tapping, milling and honing are the most common 
operations. Machining aids such as MnS are often used, especially for 
soft or microstructurally heterogeneous PM steels, to avoid built-up 
edges and long or even thread chips, which cause a lot of problems for 
many ferrous PM materials. 
MnS is the most common machining aid in PM materials. Here, a 
prospective machining aid CaS was tested and compared to MnS. The 
tests included powder behaviour, density (green and sintered), and 
mechanical properties (UTS, elongation, hardness, impact energy). In 
order to assess machinability, drilling and turning tests have been 
performed. The turned surfaces were characterized by surface roughness 
Ra. The fracture surfaces of broken samples were studied by SEM. 
Thermal behaviour of the material has been investigated by DTA/TG to 
check the chemical stability of the machining aids during the sintering 
process.  
The study confirms the role of MnS as an effective machining aid. CaS 
shows beneficial effects especially at low contents. However, for both 
machining aids the positive effect on machining must be paid for by some 
loss of mechanical properties.  
Keywords: machining, mechanical properties, cutting aids 

INTRODUCTION 
Many producers of PM precision parts encounter production problems resulting 

from poor machinability of sintered steels, many of which are very demanding in 
machining with regard to tool wear and to the quality of the machined surfaces. The strong 
tendency for soft PM materials, such as carbon-free or low carbon steels, to form built-up 
edges or thread chips by poor chip breaking causes high tool wear and poor surface quality 
[1]. Traditionally, interrupted cutting and lower thermal conductivity due to the porosity 
have been regarded as the reasons for these problems [2, 3]; a more recent theory of cutting 
porous sintered structures [4] however claims that during cutting the porous sintered 
structure is transformed into fully dense material ahead of the cutting edge, which means 
that there is a lot of cold work hardening taking place in front of the tool tip [5]. This work 
hardening is usually not taken into account when the machining operation is designed. Of 
course it is hard to define because the usually measured properties are apparent hardness or 
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the microhardness of the undeformed material, both of them can be very low for the 
mentioned steel grades. But especially these materials can be work hardened quite a lot 
when the material is transformed to full density in front of the tool tip; therefore local work 
hardening is much more pronounced for porous PM material than conventional steels.  

To lower tool wear, machining aids are frequently added to the powder mixes. 
These additives have to be thermodynamically stable during the sintering process, i.e. must 
not decompose, and should help to break the chips and improve surface quality [6]. MnS is 
the most common machining aid in PM steels; it is added to the premix as fine powder. 
MnS addition results in improved machinability and better surface finish with minor loss of 
mechanical properties. However, since MnS is hygroscopic, it tends to form agglomerates 
in humid atmospheres, the effect is detrimental both for the mechanical properties and also 
for the machinability. This recommends looking for alternatives.  

EXPERIMENTAL PROCEDURE 
In this study, calcium sulphide (CaS), which is one of the most stable sulphides 

(melting point >2000°C) and used in ingot metallurgy for free machining [1], is compared 
to MnS. The objective of this work was to prove the feasibility of CaS as powder addition 
for producing PM-parts with improved machinability. CaS was admixed as fine powder in 
different content levels and was compared to the conventionally used MnS (high purity) to 
show the potential and the problems encountered when using this new machining aid. The 
main factors for evaluation of the machining aids are tested as powder behaviour, sintering 
behaviour, mechanical properties, microstructure and machinability.  

The most severe problem is the insufficient chemical stability of CaS in contact 
with water. It reacts with water to form calcium hydrogen sulphide, calcium hydroxide and 
Ca(SH)(OH) and the toxic gas H2S, by the following equations.  

CaS + H2O  Ca(SH)(OH) 
Ca(SH)(OH) + H2O  Ca(OH)2 + H2S 
Reactive sintering of CaCO3 with MoS2, after Brownlie and Pummel [7,8], 

reportedly can overcome the problem.  
CaCO3  CaO + CO2 ↑ 
2MoS2  Mo2S3 + [S] 
CaO + [S]  CaS + [O] which was corrected in [1] to CaO + 3/2 S  CaS + ½ SO2
2CaO + 2MoS2 + 3C  2CaS + Mo2C + 2CO ↑ 
However, the controllability of such a reaction sequence must be regarded to be at 

least difficult. Since all the operations were performed under dry conditions, no problems 
with the reaction of CaS and water were observed. Only a slight odour of H2S was 
noticeable during the powder preparation.  

Concerning the environmental and health issues, material data sheets and EINECS 
(European INventory of Existing Commercial chemical Substances) have been consulted. 
Only CaS is listed in EINECS and classified as Xi (irritant) and N (harmful for the 
environment). The corresponding risk phrases are R31 (Contact with acids liberates toxic 
gas), R36/37/38 (irritating to eyes, respiratory system and skin) and R50 (Very toxic to 
aquatic organisms). MnS is not listed in EINECS, therefore the safety data sheet of Alfa 
Aesar GmbH & Co.KG have been used [9]. There MnS is listed as Xn (harmful). The 
corresponding risk phrases are R28 (very toxic if swallowed) and R48 (danger of serious 
damage to health by prolonged exposure) and qualified by HMIS (Hazardous Materials 
Identification System) Health 1, Fire 0 and Reactivity 1, the German MAK states 0.55 
mg/m³ (as Mn).  
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Thermal Analysis was used to prove the stability of the admixed CaS during the 
sintering procedure. The studies were performed by simultaneous analysis of TG and DTA 
in a Netzsch STA449C Jupiter® in high purity argon atmosphere (99.999%). Samples of 
the nominal composition have been compacted with die wall lubrication and then crushed 
into small pieces for the analytical run. The conditions have been 20 K/min heating and 
cooling rates, respectively, with maximum temperature of 1400°C and 15 min isothermal 
holding time. The results of the measurements are presented in Fig.1. It can be seen that the 
addition of the machining aids slightly delays the deoxidation of the powder particle 
surfaces, as the first inflexion point at about 750°C is shifted to higher temperatures. This 
means that the contact of the graphite with the iron surface is deteriorated by layers of 
machining aids. Both materials containing machining aids further show a small α-γ-
transition peak of plain iron at 911°C which is not the case in the sulphide-free reference 
material. The main result however is that both machining aids do not show significant 
decomposition up to 1400°C, i.e. they are stable during sintering.  

 

 
Fig.1. DTA (continuous lines) and TG (dashed lines) of Fe-0.5C with 

1% CaS and 1% MnS. 

 

Specimen preparation 
The compositions used are listed in Tab.1. The matrix is ASC+0.5% C (UF4) with 

an addition of 0.5% ethylene bisstearamide (Microwax C) as lubricant, which has also been 
prepared as reference without machining aid. The amount of machining aid was 0.3 – 2.0 
mass %. CaS was added as fine powder -325 mesh, 99.9+% purity supplied by Aldrich. 
MnS was added 0.3 – 2.0 mass % as high purity grade (supplied by Höganäs AB). The 
mixing was done in PE bottles with some steel balls and a spiral to avoid agglomerations on 
a laboratory tumbling mixer for 60 min. The flowability was measured by using a Hall flow 
meter with an orifice ∅ = 2.5 mm according to ISO 4490 and apparent density was 
measured according to ISO 3923/1 with a cylindrical cup (25 cm³). 
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Tab.1. Composition of powder mixes prepared. 

Fe Carbon 
[mass %] 

Machining 
aid 

Machining aid content 
[mass %] 

Machining aid content 
[vol.%] 

balance 0.5 - - - 
balance 0.5 CaS 0.3 0.83 
balance 0.5 CaS 0.5 1.37 
balance 0.5 CaS 1.0 2.72 
balance 0.5 CaS 2.0 5.35 
balance 0.5 MnS 0.3 0.58 
balance 0.5 MnS 0.5 0.97 
balance 0.5 MnS 1.0 1.93 
balance 0.5 MnS 2.0 3.82 

 
Pressing was done at 600 MPa in a tool with floating die to three shapes, 

55 x 10 x 9 mm³ for Charpy impact testing, 100 x 12 x 13 mm³ for drilling and turning tests 
and dog-bone shaped bars according to ISO 2740 for tensile testing. Green densities were 
measured by the volumetric method and sintered densities were measured through water 
displacement (Archimedes).  

The bodies were sintered at 2 different temperatures, 1120 and 1250°C, 
respectively, for 60 min in a laboratory furnace with gas-tight superalloy retort in high 
purity N2. Prior to sintering, delubrication was done separately at 600°C in N2 for 30 min. 

Machinabilty testing 
The machinability was measured using drilling and, in some cases, turning tests. 

The drilling tests were performed at the following conditions: 
Drill diameter: 3 mm 
Drill material: HSS DIN 388, Type N, AISI M2, 10 x 3.0 mm, Fa. WELU (Germany) 
Revolutions per minute: 450 min-1 (corresponds to a cutting speed at the perimeter of 
4.2 m/min) 
Constant thrust force: 300 N.  

The drilling test was performed on the sintered bars both parallel and 
perpendicular to the pressing direction, and the machining time was measured. The mean 
value of 3 holes was calculated.  

The turning tests were performed by finish turning the specimen (Charpy bar) and 
measuring the surface quality [10-14], i.e. the roughness of machined surfaces, as the 
criterion.  

Here, the tools used for the test were standard indexable hardmetal inserts 
(Kennametal Hertel, 2x2 insert, grade P20, ISO catalogue 6.46110-000). First the 
rectangular specimens were rough turned at one end to cylindrical shape at a length of 
about 10 mm and then finish turned to a 6 mm diameter (feed rate set at about 0.15 mm/rev, 
cut depth 0.1 mm, dry cut). The cutting speed was selected to be about 16.7 m/min. The 
roughness of the as-turned surfaces was measured using a Hommel-Tester T2000 with 
diamond tip; as roughness parameters Ra, R3z and Rz-ISO were used. A minimum of 4 
profiles were taken per material, and the mean roughness values and standard deviations 
were calculated.  
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RESULTS 

Powder behaviour 
As can be seen in Table 2 the apparent density is not affected by the admixing of 

both machining aids. The flowability is more sensitive, especially at higher amounts of 
machining aids the powder mixes tend to stick, and at >1% additive there is flow only if 
impacting the flow meter.  

Tab.2. Apparent density and flowability of Fe-0.5C (+0.5 EBS) powder mixes with 
different amounts of machining aid (CaS and MnS). 

Material Apparent density 
[g/cm3] 

Flow rate 
[s/50g] 

Fe-0.5C 3.17 34.2 
Fe-0.5C-0.3CaS 3.17 34.3 
Fe-0.5C-0.5CaS 3.18 35.4 
Fe-0.5C-1.0CaS 3.16 37.9 
Fe-0.5C-2.0CaS 3.15 50.3 
Fe-0.5C-0.3MnS 3.19 33.5 
Fe-0.5C-0.5MnS 3.12 34.5 
Fe-0.5C-1.0MnS 3.16 43.6 
Fe-0.5C-2.0MnS 3.15 46.7 

Sintering behaviour and mechanical properties 
The properties measured were green density, sintered density, impact energy, 

TRS, yield point, elongation and apparent hardness (listed in Table 3).  

Tab.3. Sintering properties of Fe-0.5C with different amounts of machining aids (CaS and 
MnS) sintered 1120 and 1250°C, 60 min in N2. Part A 

Mach. aid 
[mass %] 

Sintering temperature 
[°C] 

Green density 
[g/cm3] 

Sintered density 
[g/cm3] 

Dim. change 
[%] 

1120 7.12 -0.05 0 1250 7.08 7.15 -0.19 
1120 7.09 -0.07 0.3CaS 1250 7.04 7.12 -0.23 
1120 7.05 -0.08 0.5CaS 1250 7.00 7.07 -0.25 
1120 7.01 -0.15 1.0CaS 1250 6.95 7.03 -0.26 
1120 6.86 -0.11 2.0CaS 1250 6.77 6.99 -0.32 
1120 7.09 -0.11 0.3MnS 1250 7.04 7.12 -0.29 
1120 7.09 -0.11 0.5MnS 1250 7.04 7.14 -0.33 
1120 7.03 -0.14 1.0MnS 1250 7.01 7.11 -0.36 
1120 7.02 -0.15 2.0MnS 1250 6.95 7.06 -0.38 



 Powder Metallurgy Progress, Vol.9 (2009), No 2 72 
 
Tab.3. Sintering properties of Fe-0.5C with different amounts of machining aids (CaS and 
MnS) sintered 1120 and 1250°C, 60 min in N2. Part B 

Mach. aid 
[mass %] 

Sintering 
temperature 

[°C] 

Hardness 
HV30 

Rm 
 

[MPa] 

Yield 
point 
[MPa] 

Elonga-
tion 
[%] 

Impact 
energy 
[J/cm2] 

1120 94 314 227 4.6 21.0 0 1250 103 351 233 6.3 29.3 
1120 92 281 202 4.6 17.9 0.3CaS 1250 98 359 240 6.4 24.7 
1120 83 263 199 4.2 16.2 0.5CaS 1250 90 321 225 5.9 21.1 
1120 82 233 177 3.5 12.6 1.0CaS 1250 91 314 230 4.2 16.2 
1120 81 177 146 2.3 5.9 2.0CaS 1250 90 260 195 3.2 8.1 
1120 78 275 169 5.8 20.1 0.3MnS 1250 86 295 180 6.9 27.2 
1120 79 255 174 4.6 18.9 0.5MnS 1250 87 297 179 7.0 25.1 
1120 80 248 186 3.5 15.8 1.0MnS 1250 89 283 191 5.0 20.4 
1120 81 216 160 3.3 11.3 2.0MnS 1250 90 258 173 4.0 15.6 

 
Comparison between the materials reveals that at the same mass% the addition of 

MnS has less effect on the sintered density than of CaS; however, if the different density 
levels are considered, the difference is markedly less pronounced. This stands out clearly 
when plotting the density vs. the additive content in vol.% and not in mass % (Fig.2a, b). 
During sintering, both machining aids cause higher shrinkage than observed with the 
reference material.  

 

  
(a) (b) 

Fig.2. Sintered density of Fe-0.5%C-x%CaS/MnS as a function of the additive content. 
Sintered 60 min at 1120°C in N2. 

The mechanical properties are generally affected by both machining aids, hardness 
being an exception, showing hardly any effect of the additives. Tensile strength and yield 
point are decreased significantly at higher CaS and MnS levels, as is the impact energy. 
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Surprisingly, the elongation was not thus strongly affected. The respective effect of the 
machining aids is not too different, CaS resulting in higher tensile strength levels than MnS 
– in particular when sintering at 1250°C - and in slightly lower impact energy (Figs.3,4). 
Once more, however, plotting the properties vs. the additive volume% shows a relatively 
better performance of CaS compared to MnS, as evident e.g. from Fig.4: here the difference 
between MnS and CaS is quite pronounced when plotting the content in mass% but 
becomes insignificant if vol.% are taken. The results of MnS addition correspond well to 
[1], except the dimensional behaviour during sintering, which can be explained by the 
different sintering atmospheres (H2 in [1] and N2 in this study) used and the green density, 
which is rather different.  

 

  
(a) 1120°C (b) 1120°C 

  
(c) 1250°C (d) 1250°C 

Fig.3. Tensile strength of Fe-0.5%C-x%CaS/MnS as a function of the additive content. 
Sintered 60 min at 1120°C / 1250°C in N2. 

 
Fig.4. Impact energy of Fe-0.5%C-x%CaS/MnS as a function of the additive content. 

Sintered 60 min at 1120°C in N2. 
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Microstructure and Fractography 
The microstructure was studied on metallographic sections prepared by grinding and 

polishing with SiC and 7 µm and 1µm diamond paste. The pore structure and the Nital etched 
microstructure were investigated. The resulting microstructures are shown in Fig.5. In 
contrast to MnS addition, in which case the added MnS is clearly visible both in the as-
polished (Fig.6) and etched microstructures (Fig.5e and f), the CaS cannot be found by optical 
microscopy. For both machining aids it holds that the microstructure is hardly affected by 
addition of the machining aid, only MnS inclusions are visible in the latter case. Since CaS 
has markedly lower density - 2.5 g/cm³ compared to 4.0 g/cm³ for MnS - the effective volume 
of the machining aid is accordingly higher for the CaS containing material.  

 

  
(a) Fe-0.5% C, sintered at 1120°C (b) Fe-0.5% C, sintered at 1250°C 

  
(c) Fe-0.5% C+1.0 mass % CaS, sintered at 

1120°C 
(d) Fe-0.5% C+1.0 mass % CaS, sintered at 

1250°C 

  
(e) Fe-0.5% C+1.0 mass % MnS, sintered 

at 1120°C 
(f) Fe-0.5% C+1.0 mass % MnS, sintered 

at 1250°C 
Fig.5. Fe-0.5% C with different amounts of machining aids (CaS and MnS), sintered at 

1120 and 1250°C in N2, Nital. 
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Fig.6. Fe - 0.5% C+1.0 mass % MnS, sintered 1250°C, N2, unetched. 

In contrast to the micrographs, the fractographs clearly show the presence of both 
machining aids. Whereas CaS is rather fine and flaky but agglomerated and located in the 
open porosity (Fig.7c,d), the MnS containing material shows rather coarse isolated particles of 
the additive (Fig.7e,f).  
 

  
(a) Fe-0.5% C, sintered at 1120°C  (b) Fe-0.5% C, sintered at 1250°C 

  
(c) Fe-0.5% C+1.0 mass % CaS, sintered 

at 1120°C 
(d) Fe-0.5% C+1.0 mass% CaS, sintered at 

1250°C 
Fig.7. Fractographs of Fe-0.5% C with different amounts of machining aids (CaS and 

MnS), sintered at 1120 and 1250°C in N2, Charpy impact tested. 
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(e) Fe-0.5% C+1.0% MnS, sintered at 

1120°C 
(f) Fe-0.5% C+1.0% MnS, sintered at 

1250°C 
Fig.7. Fractographs of Fe-0.5% C with different amounts of machining aids (CaS and 

MnS), sintered at 1120 and 1250°C in N2, Charpy impact tested. 

 

Machinability Results 
Since the thickness of the specimen for the drilling test is different, perpendicular 

and parallel to the pressing direction, the machining time for drilling one hole was related to 
the thickness or width of the sample (=relative drilling time). The results are reported in Table 
4. The comparison of the results shows that the relative drilling time parallel is always higher 
than perpendicular to the pressing direction. The higher sintering temperature also gives 
significantly longer drilling times, due to the strengthening of the sintering contacts. The 
difference between both machining aids is insignificant up to 1 mass%. At higher values, 
MnS results in longer drilling times and CaS in significantly shorter ones. So it seems that 
CaS is the better machining aid, but here the density of the material, which is significantly 
decreased by adding 2% CaS and the adverse effect on the mechanical properties have to be 
taken into account (which latter statement however also holds for MnS).  

The turning test was performed only on the samples sintered at 1120°C and 
containing 1% machining aid, as well as on the sulphide-free reference material. The 
roughness data are presented in Table 5. Macroscopic photos of the as-turned surfaces are 
shown in Fig.8. It is clearly visible that there is a distinctive difference between the finished 
surfaces. The pure Fe-0.5%C system shows a very rough surface finish whereas the 
addition of CaS results in a smoother surface but MnS clearly yields the best result. This is 
also confirmed by the roughness measurement where a drastic drop in surface roughness 
value was realized if a machining aid was added, no matter which roughness parameter was 
taken into account.  
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Tab.4. Results of drilling tests on Fe-0.5C with different amounts of machining aids, 
sintered 1120 and 1250°C, 60 min in N2. 

Material Sintering 
temperature 

[°C] 

Rel. drilling time 
perpendicular [s/mm] 

Rel. drilling time 
parallel [s/mm] 

1120 4.1 4.6 Fe-0.5C 1250 4.7 5.1 
1120 3.6 4.2 Fe-0.5C-0.3CaS 1250 4.0 4.1 
1120 3.6 3.7 Fe-0.5C-0.5CaS 1250 4.5 4.6 
1120 4.0 4.4 Fe-0.5C-1.0CaS 1250 4.6 4.8 
1120 2.6 3.2 Fe-0.5C-2.0CaS 1250 3.7 3.7 
1120 3.4 3.6 Fe-0.5C-0.3MnS 1250 4.0 4.1 
1120 3.9 4.0 Fe-0.5C-0.5MnS 1250 4.5 4.6 
1120 4.0 4.8 Fe-0.5C-1.0MnS 1250 4.2 5.1 
1120 5.2 5.4 Fe-0.5C-2.0MnS 1250 5.6 6.0 

Tab.5. Roughness measured after turning test Fe-0.5%C with different amounts of 
machining aids, sintered at 1120 for 60 min in N2. 

Material Sintering temperature 
[°C] 

Ra  
µm] 

R3z  
[µm] 

Rz ISO  
[µm] 

Fe-0.5C 1120 8.1±0.76 29.4±2.6 42.5±3.4 
Fe-0.5C-1.0CaS 1120 3.1±1.4 13.8±3.0 21.8±4.5 
Fe-0.5C-1.0MnS 1120 1.6±0.2 7.1±0.8 10.5±1.3 

 

   
(a) Fe-0.5% C (b) Fe-0.5% C-1% CaS (c) Fe-0.5% C-1% MnS 

Fig.8. As-turned surfaces of Fe-0.5% C with different amounts of machining aids (CaS and 
MnS) sintered at 1120°C in N2. 
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CONCLUSIONS 
The results of the study confirm that MnS is an effective machining aid as long as 

the amount chosen is not too high (e.g. 2%), and especially the effect on the mechanical 
properties is not too pronounced. CaS showed to be beneficial for the machinability at all 
contents. At higher contents the adverse effect on the mechanical properties at first seems to 
be more pronounced than with MnS. However, the different density of CaS and MnS must be 
taken into account here, since the effective volume for CaS is markedly higher than that of 
MnS when adding the same mass %. When plotting the properties vs. the volume content of 
the additive, CaS is quite competitive.  

For both machining aids it holds that the apparent density of the powder mixes was 
hardly affected, but the flow behaviour is sensitive to higher amounts of both additives. 

The frequently cited problems with undesired reactions of CaS were not encountered 
in this study. The thermal stability of both machining aids was confirmed by DTA/TG 
analysis, although the deoxidation behaviour of the material was influenced by some 
inhibition of the Fe-graphite contact during the deoxidation stage, thus splitting the 
transformation peak into two separate peaks.  

In all tests, significantly longer relative drilling times were found parallel to the 
pressing direction compared to the perpendicular orientation. The drilling time was 
insignificant at all contents from 0.3 up to 1 mass %. At higher contents the difference in 
resulting density of the material leads to higher drilling times for MnS and lower of CaS. Both 
machining aids showed significant benefits for the quality of the finished surfaces after 
turning. Addition of 1 mass % CaS significantly lowered the surface roughness compared to 
the reference material without machining aid, while 1% MnS yielded an even better surface 
finish. Thus it can be concluded that CaS and MnS are fairly similar as machining aids: both 
improve the machinability but at some loss of mechanical properties.  
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