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THE ROLE OF ADMIXED HEXAGONAL BORON NITRIDE IN 
SINTERED STEELS        
3. hBN IN DIFFERENTLY SINTERED ALLOY STEELS 

A. Liersch, H. Danninger, R. Ratzi 

Abstract 
The effect of hexagonal BN admixed to alloy steels has been studied with 
regard to microstructure, properties, machinability, and dry sliding wear 
behaviour, sintering being performed under industrial conditions at 
different temperatures and in different atmospheres. It has been shown 
that BN at higher contents inhibits carbon dissolution also in the alloyed 
steels; sintering in endogas resulted in higher levels of dissolved carbon 
than sintering in N2. This indicates that the effect of hBN is rather due to 
the inert BN separating the admixed graphite from the matrix powders 
while carburizing through the gas phase is apparently not affected, 
confirming that the standard C dissolution is rather a solid state process. 
The effect of hBN in the machinability, measured as the as-turned surface 
roughness Ra, was not too pronounced; the sintering conditions, in 
particular the atmosphere, were more relevant, sintering in endogas 
resulting in mostly better surface finish. For sintering in N2, higher 
temperatures resulted in significantly better quality of the machined 
surfaces. Generally the trend was observed that the surface quality tends 
to improve with increasing apparent hardness of the materials, which 
supports the theory that compression of the pores and resulting work 
hardening, rather than interrupted cut, is responsible for the inferior 
machinability of porous sintered steels.  
Keywords: sintered steels, alloy steels, boron nitride, machinability 

INTRODUCTION 
Hexagonal boron nitride (hBN) is a chemical compound that is structurally similar 

to graphite but is chemically more stable [1], in particular in atmospheres containing 
nitrogen. It is used as a solid lubricant and in sintered steels reportedly improves the 
machinability [2,3]. In Part 1 [4] it has been shown that addition of hBN to Fe and Fe-C has 
different effects during sintering depending on the atmosphere: during sintering in N2 
containing atmosphere BN remains virtually stable up to the solidus but in H2 or vacuum 
only up to the temperature of the Fe-B eutectic. Above that temperature level it 
decomposes, forming a liquid phase as known from PM ferrous materials sintered with 
boron addition (e.g. [5-7]). Undissolved hBN adversely affects the mechanical properties 
since it is contained in the pressing contacts where, as a non-metallic inclusion, it acts as a 
defect and also inhibits formation of solid metallic bridges. Furthermore, hBN also inhibits 
the dissolution of admixed graphite which not only deprives the matrix of a hardening 
element but the undissolved graphite acts as a non-metallic inclusion in the sintering 
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contacts, in a similar way as does hBN. In particular at BN contents in the percent range, 
very poor interparticle strength and resulting mechanical properties are obtained [4].  

Investigations into the effect of hBN admixed to Fe and Fe-C powders have shown 
[8] that although hBN is a solid lubricant, the dry sliding wear behaviour is not improved 
by admixing 0.5 to 2.0% BN; quite the opposite, the wear rate is rather higher, which can 
be attributed to the poor interparticle strength that results in easy fragmentation of the wear 
loaded surfaces. Machining studies in which the machinability was measured as surface 
roughness of turned surfaces showed that at least under the conditions defined here, the 
machinability is not improved by admixed hBN; also here, the poor interparticle strength 
was regarded to be responsible for this effect, easy separation of previous powder particles 
resulting in poor surface quality. 

In the present work, the effect of hBN addition to alloy steels, as used for PM 
structural parts, has been studied, and the specimens have been sintered in industrial 
furnaces. By admixing lower fractions of BN, less adverse effect on the mechanical 
properties was expected.  

EXPERIMENTAL TECHNIQUES 
The starting powders used were the prealloyed powder grade Astaloy Mo (Fe-

1.5%Mo) and the diffusion-alloyed grade Distaloy AE (Fe-4.0%Ni-1.5%Cu-0.5%Mo), both 
from Höganäs AB, Sweden, with admixed natural graphite UF4 (Kropfmühl). Furthermore, 
Fe-2%Cu-C was produced from standard water atomized iron powder ASC 100.29 
(Höganäs AB) and electrolytic copper FM (Ecka-NA). 0.5 mass% ethylene bisstearamide 
(Microwax C) was used as pressing lubricant. The carbon content was set at 0.5 and 0.8 
mass% nominal (admixed graphite), respectively. 

Standard fine BN grade with d50 <1 µm was used as additive. Since it had been 
shown previously [4,8] that BN levels >1% are suited only for model experiments but 
definitely not for practical applications, lower BN content was selected compared to the 
previous studies, being set at 0.5% and 0.05%, respectively. Also here, however, it has to 
be taken into account that, as shown by SEM investigations, the nominally fine BN grade 
was in part considerably agglomerated, and some of the agglomerates survived the mixing 
process and were finally found in the sintered components, as shown e.g. in [8].  

Tab.1. Composition and pore-free density (rule of mixture) of the powder mixes 
investigated. 

Base powder Chemical composition [mass %] Pore-free density 
Grade Ni Cu Mo C admixed BN [g·cm-3] 

Astaloy Mo - - 1.5 0.5 0.05 7.527 
Astaloy Mo - - 1.5 0.5 0.5 7.452 
Astaloy Mo - - 1.5 0.8 0.05 7.474 
Astaloy Mo - - 1.5 0.8 0.5 7.400 
Distaloy AE 4.0 1.5 0.5 0.5 0.05 7.558 
Distaloy AE 4.0 1.5 0.5 0.5 0.5 7.482 
Distaloy AE 4.0 1.5 0.5 0.8 0.05 7.504 
Distaloy AE 4.0 1.5 0.5 0.8 0.5 7.429 
ASC 100.29 - 2.0 - 0.5 0.05 7.520 
ASC 100.29 - 2.0 - 0.5 0.5 7.445 
ASC 100.29 - 2.0 - 0.8 0.05 7.467 
ASC 100.29 - 2.0 - 0.8 0.5 7.393 
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The mixtures prepared and the theoretical (pore-free) density values are given in 
Table 1; for the latter the rule of mixture was applied considering also the volume occupied 
by the lubricant. For the Fe-Mo prealloy powder it was assumed that the density of the solid 
solution is identical to that of a mixture, which has been confirmed by Wever, Fe-Mo 
fulfilling Vegard’s law quite exactly [9]. The powders were dry mixed for 60 min in a 
tumbling mixer. As observed previously, hBN is prone to segregation, in particular the Fe-
Cu-C mixes being difficult to prepare. The green density is therefore not very reproducible; 
for that reason, for each sintering run the green density values of the respective specimens 
are also given. As can be seen from Table 2, there is in part considerable scatter between 
different batches of nominally the same materials, especially with Fe-Cu-C. 

Table 2. Properties of sintered alloy steels containing hBN. Compacted at 600 MPa, 
sintered under different conditions in industrial furnaces.     
Table 2a. Base material Astaloy Mo (Fe-1.5%Mo, prealloyed). 

BN 
content 

[mass%] 

C admixed 
 

[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Green 
density 
[g·cm-3] 

Sintered 
density 
[g·cm-3] 

Dim. 
change 

[%] 
linear 

Hardness 
 

HV 30 

Impact 
energy 
[J·cm-2] 

0.05 0.5 1120 Endogas 7.182 7.144 0.00 168 13.7 
0.05 0.5 1140 N2 7.173 7.135 -0.02 161 8.5 
0.05 0.5 1220 N2 7.145 7.124 -0.02 161 6.9 
0.05 0.8 1120 Endogas 7.130 7.097 0.01 189 10.5 
0.05 0.8 1140 N2 7.120 7.104 0.1 173 7.2 
0.05 0.8 1220 N2 7.132 7.113 0.07 177 9.4 
0.5 0.5 1120 Endogas 6.958 6.991 -0.21 153 2.5 
0.5 0.5 1140 N2 6.959 6.958 -0.15 115 1.7 
0.5 0.5 1220 N2 6.944 7.001 -0.24 112 2.3 
0.5 0.8 1120 Endogas 6.967 6.967 -0.17 147 2.2 
0.5 0.8 1140 N2 6.910 6.914 -0.16 130 1.4 
0.5 0.8 1220 N2 6.926 6.936 -0.19 136 2.1 

Table 2b. Base material Distaloy AE (Fe-4%Ni-1.5%Cu-0.5%Mo, diffusion-alloyed). 

BN 
content 

[mass%] 

C admixed 
 

[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Green 
density 
[g·cm-

3] 

Sintered 
density 
[g·cm-3] 

Dim. 
change 

[%] 
linear 

Hardness 
HV 30 

Impact 
energy 
[J·cm-2] 

0.05 0.5 1120 Endogas 7.119 7.096 -0.12 204 9.1 
0.05 0.5 1140 N2 7.167 7.139 -0.03 188 18.4 
0.05 0.5 1220 N2 7.174 7.085 -0.11 174 8.2 
0.05 0.8 1120 Endogas 7.145 7.140 -0.13 239 14.3 
0.05 0.8 1140 N2 7.132 7.123 -0.05 199 13.4 
0.05 0.8 1220 N2 7.140 7.134 -0.12 224 12.9 
0.5 0.5 1120 Endogas 6.893 7.019 -0.20 208 5.9 
0.5 0.5 1140 N2 6.964 6.978 -0.09 109 2.9 
0.5 0.5 1220 N2 6.982 7.022 -0.19 129 5.1 
0.5 0.8 1120 Endogas 6.971 6.941 -0.11 197 3.9 
0.5 0.8 1140 N2 6.971 6.921 -0.08 112 2.7 
0.5 0.8 1220 N2 6.946 6.969 -0.15 123 3.4 
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Table 2c. Base material Fe-2%Cu (mixed). 

BN 
content 

[mass%] 

C 
content 

[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Green 
density 
[g·cm-3] 

Sintered 
density 
[g·cm-3] 

Dim. 
change 

[%] 
linear 

Hard-
ness 
HV 
30 

Impact 
energy 
[J·cm-2] 

0.05 0.5 1120 Endogas 7.166 7.014 0.44 118 6.2 
0.05 0.5 1140 N2 7.227 7.131 0.42 131 13.9 
0.05 0.5 1220 N2 7.206 7.102 0.34 127 14.0 
0.05 0.8 1120 Endogas 7.135 6.977 0.41 115 4.5 
0.05 0.8 1140 N2 7.184 7.110 0.33 171 13.5 
0.05 0.8 1220 N2 7.154 7.044 0.30 168 11.8 
0.5 0.5 1120 Endogas 6.244 6.381 0.44 106 0.7 
0.5 0.5 1140 N2 6.756 6.634 0.24 68 1.4 
0.5 0.5 1220 N2 6.746 6.620 0.32 76 1.8 
0.5 0.8 1120 Endogas 6.301 6.158 0.47 94 0.8 
0.5 0.8 1140 N2 6.295 6.164 0.42 54 0.6 
0.5 0.8 1220 N2 6.293 6.158 0.39 107 0.6 

 
Compacting was done in a tool with floating die for standard impact test bars with 

cavity dimension of 55 x 10 mm (ISO 5754). For the wear tests, bars 60 x 7 x 7 mm3 were 
produced. The compacting pressure was uniformly 600 MPa. In order to obtain materials 
with realistic microstuructures, in particular regarding the effective cooling rate, sintering 
was done in industrial furnaces at MIBA Sinter Austria GmbH, Vorchdorf, in a mesh belt 
furnace at 1120°C running with endogas atmosphere (approx. 30 min isothermal sintering 
time) and in parallel in a walking beam furnace set at 1140°C and 1220°C, respectively, in 
flowing N2. In this latter case, isothermal dwell time was about 45 min.  

Testing of the specimens included sintered density through water displacement, 
dimensional change during sintering (taking the length of the green bar as a basis), Vickers 
hardness and impact energy of the unnotched bars.  

MECHANICAL PROPERTIES 
The sintered density levels are in reasonably good agreement with the respective 

green density data; both tend to decrease with increasing carbon and BN contents. The 
dimensional change is only slightly affected by sintering temperature and atmosphere in the 
case of Astaloy Mo and Distaloy AE based materials; for Fe-Cu-C, endogas results in more 
pronounced expansion than does N2 at both temperatures.  

As could be expected from the results described in [4], for the specimens 
containing 0.5% BN the impact energy values were fairly low for all materials investigated. 
Distaloy AE showed the highest impact energy level which however was still < 6 J·cm-2, 
and Fe-Cu-C was even < 2 J·cm-2, which underlines the adverse effect of hBN contained 
within the sintering necks. At the lower BN content of 0.05% the impact energy was in part 
markedly higher, up to about 20 J·cm-2. The effect of the sintering temperature and 
atmosphere was not uniform; in part the best values were obtained after sintering at 
1120°C, i.e. the lowest temperature used here, in endogas.  

This might be attributed to the effect of carbon actually dissolved in the matrix. As 
described in [4], hBN inhibits dissolution of admixed graphite, which for example for 
sintered steels with nominally 0.8% C results in a microstructure that resembles that of a 
steel with 0.3% C. This of course inevitably has a marked effect on the hardness. If the 
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hardness data obtained here are studied, it is in fact evident that for the prealloyed and the 
diffusion-alloyed grades, sintering in endogas tends to result in higher hardness levels than 
sintering in N2 at either temperature. This effect of the atmosphere is most pronounced for 
the higher BN content and the lower carbon level, especially for Distaloy AE. With Fe-Cu-
C, the trend is more irregular, and in part sintering in endogas even results in lower 
hardness than sintering in N2. 

The reason for the higher hardness obtained after sintering in endogas may be 
carbon pickup from the atmosphere. Endogas is a carburizing atmosphere (it is widely used 
for gas carburizing [10,11]) , and by suitably adjusting the gas-air ratio a given carbon 
potential, i.e. carbon concentration in austenite, can be obtained. Here it may be assumed 
that the carburizing effect of the atmosphere compensates for the inhibition of graphite 
dissolution, the low-C matrix picking up an according amount of carbon from the 
atmosphere although nominally sufficient carbon – as graphite – is available to render 
carburizing from the atmosphere unnecessary. This should be discernible from the total 
carbon content of the materials.  

Carbon analysis was accordingly carried out on the sintered specimens; only those 
with 0.5% BN were selected since in this case the hardness differences are more 
pronounced. It showed that there is in fact a considerable increase of the carbon content by 
sintering in endogas, as visible from Table 3. Typically the total carbon content as 
determined by combustion analysis is at least 0.1% higher than the nominal one (i.e. the 
content of admixed graphite), which explains the higher hardness after sintering in endogas. 
Surprisingly, however, the Fe-Cu-C grades show the highest carbon pickup during sintering 
– up to 0.4% ! - although the hardness after sintering in endogas is in part markedly lower 
than after sintering in N2. This can be taken as an indicator that in these specimens carbon 
was rather deposited as free graphite than dissolved in the steel matrix. 

Table 3. Admixed and total carbon contents of sintered alloy steels containing 0.5% hBN. 
Compacted at 600 MPa, differently sintered. 

Base material C admixed 
[%] 

Ts 
[°C] 

Atmosphere C total 
[%] 

Ctotal - Cad

Astaloy Mo-C 0.5 1120 Endogas 0.61 +0.11 
 0.5 1140 N2 0.5 0 
 0.5 1220 N2 0.5 0 
Astaloy Mo-C 0.8 1120 Endogas 0.93 +0.13 
 0.8 1140 N2 0.79 -0.01 
 0.8 1220 N2 0.81 +0.01 
Distaloy AE-C 0.5 1120 Endogas 0.58 +0.08 
 0.5 1140 N2 0.49 -0.01 
 0.5 1220 N2 0.52 +0.02 
Distaloy AE-C 0.8 1120 Endogas 0.9 +0.19 
 0.8 1140 N2 0.79 -0.01 
 0.8 1220 N2 0.81 +0.01 
Fe-Cu-C 0.5 1120 Endogas 0.92 +0.42 
 0.5 1140 N2 0.50 0 
 0.5 1220 N2 0.56 +0.06 
Fe-Cu-C 0.8 1120 Endogas 1.17 +0.37 
 0.8 1140 N2 0.82 +0.02 
 0.8 1220 N2 0.83 +0.03 
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It can thus be summarized that the dissolution of admixed graphite can be 
inhibited by hBN while carbon pickup from the atmosphere is apparently not affected. This 
leads to the conclusion that the former is in fact a solid state process, as stated by 
Dautzenberg and Hewing [12, 13]. If it occurred through the gas phase, as proposed e.g. by 
Tanaka and Lund [14-16], it should not matter if the carbon is introduced as graphite or as 
CO since also the former would be transferred into CO before carburizing the base powder 
particles as described by Houdremont [17]. Apparently the hBN forms a layer around the 
powder particles that prevents direct contact between graphite and iron, thus inhibiting 
direct C diffusion into the iron powder particles, but the layer is not sufficiently dense to 
prevent gas phase transport of carbon as CO.  

MICROSTRUCTURES 
The metallographic sections confirmed the results of the mechanical tests and the 

C analysis. In Figure 1, sections of AstaloyMo based steels are given; it is evident that in 
the materials containing 0.5% C admixed, the amount of dissolved carbon is significantly 
lower after sintering at 1140°C in N2 than after sintering at 1120°C in endogas, supporting 
the hypothesis that in the latter atmosphere, carburization at least in part compensates for 
the adverse effect of hBN on carbon dissolution. At higher magnification also the 
interparticle layers of hBN (and in part also of graphite) can be seen, as visible in Fig.1a. 
Also the hBN agglomerates described in [4, 8] can be seen in these specimens, too.  
 

   
0.5% C, Endogas 0.5% C, 1140°C, N2 0.8% C, 1140°C, N2

Fig.1. Metallographic sections of sintered steels Astaloy Mo-0.x% C-0.5% BN, 
compacted at 600 MPa, differently sintered. 

A very similar effect was observed in the diffusion-alloyed materials (Fig.2): In 
this case the material containing 0.5% BN and sintered in endogas revealed the typical 
Distaloy microstructure, very similar to BN-free grades or to the material containing lower 
fractiorns of hBN (Fig.2d). If however such a material had been sintered at 1140°C in N2 
(Fig.2b), the microstructure was rather that of Fe-Cu, without Ni and especially without 
carbon: there is hardly any pearlite present, but the cores at least of the particles are almost 
completely ferritic. The typical Cu rims are discernible in particular with smaller 
specimens. In the case of the materials sintered at 1220°C in N2, a heterogeneous structure 
is observed that resembles the diffusion-alloyed type, containing areas of pearlite, but there 
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seems to be much less carbon since the pearlite is not shaded as typical for diffusion-
alloyed materials with reasonable C content. 
 

  
0.5% BN, Endogas 0.5% BN,1140°C, N2

  
0.5% BN, 1220°C, N2 0.05% BN, 1140°C, N2

Fig.2. Metallographic sections of sintered steels Distaloy AE-0.5% C-x% BN, compacted at 
600 MPa, differently sintered. 

In the Fe-Cu based sintered steels, too, sintering in endogas seems to result in 
more dissolved carbon, as evident from Figs.3a and b. After sintering in N2, with this 
material the typical Fe-Cu structure can also be seen, with Cu rims around the Fe particles. 
Depending on the sintering temperatures the rims are very pronounced, indicating a steep 
Cu concentration gradient, or, after high temperature sintering, more blurred, due to Cu 
having started to diffuse into the cores of the Fe particles. In any case, however, the cores 
of the iron particles are virtually ferritic, indicating that here the admixed carbon has also 
been dissolved only to a minor degree. 
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0.5% C, 1120°C, endogas detail from 3a 

0.8% C, 1140°C, N2 0.8% C, 1220°C, N2

Fig.3. Metallographic sections of sintered steels Fe-2% Cu-0.5% C-0.5% BN, compacted at 
600 MPa, differently sintered. 

MACHINABILITY 
As stated above, BN is employed as a machining aid admixed to sintered steels. In 

order to study its effect in the alloy steels investigated here, machining tests were carried out 
following the same procedure as in [8]: the machinability was tested by finish turning the 
specimens and measuring the surface quality [18-20], i.e. the roughness of the machined 
surfaces, as the criterion. In contrast to other turning tests (e.g. [21]), the cutting speed was 
kept constant here, and the workpiece quality, not the tool life, was studied.  

The tools used for the tests were standard indexable hardmetal inserts P20 
(Kennametal Hertel). 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 6 mm diameter (feed rate 
set at about 0.15 mm.rev-1, cut depth 0.1 mm, dry cut). The cutting speed was selected to be 
about 16.7 m.min-1 which, as shown by previous tests [19, 20], is too low for PM iron, but it was 
found that under these unfavourable conditions the effect of machining aids on the surface finish 
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stand out more clearly. Due to the same reason, lubrication was not used. 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. 4 profiles minimum were taken per material, and 
the mean roughness values and standard deviations were calculated.  

Some typical machined surfaces are shown in Figs.4-6; the roughness data – mean 
values and standard deviation - obtained with all the specimens studied are listed in Table 4 
and are also graphically shown in Fig.7. As evident from the table and Figs.7a, b, c, the 
roughness data Ra, R3z and Rz-ISO are in good agreement: the absolute values differ but the 
trends and the rankings of the different materials are very similar.  

 

   
Astaloy Mo-0.5% C Distaloy AE-0.5% C Fe-2% Cu-0.5% C 

Fig.4. Machined surfaces of sintered alloy steels containing 0.05% hBN. Compacted at 600 
MPa, sintered at 1120°C in endogas. Turning, v = 16.7 m.min-1, f = 0.15 mm.min-1, d = 0.1 

mm. Pin diameter 6 mm. 

   
Astaloy Mo-0.5% C Distaloy AE-0.5% C Fe-2% Cu-0.5% C 

Fig.5. Machined surfaces of sintered alloy steels containing 0.05% hBN. Compacted at 600 
MPa, sintered at 1140°C in N2. Turning, v = 16.7 m.min-1, f = 0.15 mm.min-1, d = 0.1 mm. Pin 

diameter 6 mm. 
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Astaloy Mo- 0.5% C-0.05% BN Astaloy Mo-0.5% C-0.5% BN 

  
Distaloy AE-0.5% C-0.05% BN Distaloy AE-0.5% C-0.5% BN 

  
Fe-2% Cu-0.5% C-0.05% BN Fe-2% Cu-0.5% C-0.5% BN 

Fig.6. Machined surfaces of sintered alloy steels containing hBN. Compacted at 600 MPa, 
sintered at 1220°C in N2. Turning, v = 16.7 m.min-1, f = 0.15 mm.min-1, d = 0.1 mm. Pin 

diameter 6 mm. 
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Tab.4. As-machined surface roughness (Ra, R3z and Rz-ISO) of sintered alloy steels 
containing admixed hBN.         
Tab.4a. Base material Astaloy Mo-C (Fe-1.5%Mo, prealloyed). 

BN content 
 

[mass%] 

C admixed 

 
[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Surface 
roughness Ra

[µm] 

R3z 
 

[µm] 

Rz ISO 
 

[µm] 
0.05 0.5 1120 Endogas 6.0 + 1.2 24.6 + 4.7 31.5 + 4.7 
0.05 0.5 1140 N2 4.7 + 1.0 16.0 + 3.7 24.8 + 4.4 
0.05 0.5 1220 N2 5.3 + 1.2 21.4 + 4.2 27.0 + 5.0 
0.05 0.8 1120 Endogas 6.4 + 1.5 25.5 + 5.2 30.5 + 8.7 
0.05 0.8 1140 N2 4.7 + 1.0 17.7 + 4.6 24.0 + 4.1 
0.05 0.8 1220 N2 5.1 + 2.2 21.4 + 8.3 25.0 + 9.6 
0.5 0.5 1120 Endogas 6.4 + 1.5 25.5 + 5.2 30.5 + 8.7 
0.5 0.5 1140 N2 9.0 + 1.4 30.6 + 5.3 44.4 + 5.4 
0.5 0.5 1220 N2 7.0 + 1.7  27.4 + 5.1 37.2 + 9.8 
0.5 0.8 1120 Endogas 5.3 + 0.5 23.9 + 2.6 29.6 + 2.1 
0.5 0.8 1140 N2 7.1 + 0.9 25.5 + 3.1 35.5 + 3.9 
0.5 0.8 1220 N2 5.9 + 1.1 23.9 + 4.3 30.8 + 5.4 
- 0.8 1120 Endogas 1.3 + 0.4 4.1 + 2.1 5.5 + 1.4 
- 0.8 1140 N2 3.7 + 0.6 16.2 + 1.9 20.9 + 3.1 
- 0.8 1220 N2 4.4 + 0.7 19.6 + 2.1 25.2 + 3.1 

Table 4b. Base material Distaloy AE-C (Fe-4%Ni-1.5%Cu-0.5%Mo, diffusion -alloyed). 

BN content 
 

[mass%] 

C admixed 

 
[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Surface 
roughness Ra

[µm] 

R3z 
 

[µm] 

Rz ISO 
 

[µm] 
0.05 0.5 1120 Endogas 2.2 + 0.4 8.2 + 3.5 11.4 + 1.7 
0.05 0.5 1140 N2 4,8 + 1.1 17.8 + 3.4 24.9 + 4.5 
0.05 0.5 1220 N2 3,1 + 0.5 13.7 + 2.6 17.8 + 3.1 
0.05 0.8 1120 Endogas 2.2 + 0.6 8.9 + 1.3 10.9 + 1.1 
0.05 0.8 1140 N2 4.2 + 0.9 14.5 + 2.8 21.0 + 4.5 
0.05 0.8 1220 N2 2.4 + 0.3 11.0 + 1.6 13.4 + 1.9 
0.5 0.5 1120 Endogas 2.8 + 0.3 11.3 + 1.6 15.3 + 1.7 
0.5 0.5 1140 N2 6.3 + 0.8 23.0 + 2.8 31.6 + 2.1 
0.5 0.5 1220 N2 3.0 + 0.4 13.3 + 1.6 17.5 + 2.2 
0.5 0.8 1120 Endogas 2.2 + 0.7 10.1 + 3.6 12.2 + 3.8 
0.5 0.8 1140 N2 4.1 + 0.8 15.8 + 2.6 20.4 + 1.3 
0.5 0.8 1220 N2 3.7 + 0.3  16.5 + 1.4 21.1 + 1.9 
- 0.5 1120 Endogas 2.0 + 0.4 9.3 + 1.0 11.7 + 1.4 
- 0.5 1220 N2 2.2 + 0.7 9.9 + 2.8 11.5 + 2.9 
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Table 4c. Base material Fe-2%Cu-C (mixed). 

BN content 
 

[mass%] 

C admixed 

 
[mass%] 

Temp. 
 

[°C] 

Atmo-
sphere 

Surface 
roughness Ra

[µm] 

R3z 
 

[µm] 

Rz ISO 
 

[µm] 
0.05 0.5 1120 Endogas 6.7 + 0.7 25.6 + 3.1 33.9 + 3.8 
0.05 0.5 1140 N2 6.6 + 1.2 19.9 + 8.7 34.3 + 6.0 
0.05 0.5 1220 N2 5.3 + 1.4 22.4 + 5.4 28.5 + 5.7 
0.05 0.8 1120 Endogas 3.5 + 0.5 14.9 + 1.6 18.9 + 2.6 
0.05 0.8 1140 N2 6.1 + 0.7 22.1 + 5.4 28.1 + 4.2 
0.05 0.8 1220 N2 4.0 + 0.7 15.9 + 2.4 21.0 + 2.7 
0.5 0.5 1120 Endogas 3.0 + 0.5 12.9 + 1.6 16.2 + 1.2 
0.5 0.5 1140 N2 8.1 + 1.5 30.4 + 6.6 42.1 + 6.3 
0.5 0.5 1220 N2 3.8 + 1.2 16.4 + 4.3 22.1 + 5.5 
0.5 0.8 1120 Endogas 3.1 + 0.4  14.1 + 2.1 17.4 + 0.2 
0.5 0.8 1140 N2 >10* >>* >>* 
0.5 0.8 1220 N2 >10* >>* >>* 
- 0.5 1120 Endogas 3.4 + 0.6 15.6 + 2.4 18.9 + 3.3 
- 0.8 1120 Endogas 4.2 + 0.6 17.7 + 0.8 25.7 + 4.3 
- 0.8 1140 N2 4.7 + 0.5 17.0 + 2.1 25.6 + 2.7 
- 0.8 1220 N2 3.8 + 0.5 16.5 + 2.4 21.5 + 2.9 

* beyond the range of the roughness tester 
 
When comparing the roughness data for the different materials it stands out clearly 

that the diffusion alloyed Distaloy AE – which is generally reported to be difficult to 
machine, see e.g. [22,23] – results in the lowest values, which is also evident from the 
appearance of the surfaces, see Figs.4b, 5b, 6c and 6d. The effects of the BN and also the 
carbon contents are not too pronounced; it is however evident that sintering at 1140°C in N2 
results in the poorest surface finish while sintering at 1120°C in endogas and at 1250°C in 
N2 are not too different, the endogas regime being slightly better.  

The effect of the atmosphere is still more pronounced with Fe-Cu-C; here, 
sintering in endogas yields markedly lower roughness values than sintering in N2, esp. at 
1140°C. The prealloyed steels show the smallest effect of both BN content and sintering 
atmosphere; higher carbon contents result in slightly rougher surfaces. 
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Roughness value Ra

 
Roughness value R3z 

 
Roughness value Rz-ISO 

Fig.7. As-machined surface roughness values Ra, R3z and Rz-ISO of sintered alloy steels 
containing admixed hBN. 

When plotting the Ra value against the hardness of the respective materials, it can 
be seen (Fig.8) that although the scatter is wide, there is a general trend indicating that 
higher hardness results in better surface finish. This is surely in part due to the cutting 
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parameters selected here, in particular the low cutting speeds which favours formation of 
built-up edges in particular with softer materials, but it also corroborates the findings of 
Šalak et al. [22,23] that softer materials that are strongly deformed plastically in front of the 
cutting edge – and thus work hardened – exhibit inferior machinability. In the present case 
this is particularly evident for the steels sintered at 1140°C in N2: they exhibit the lowest 
hardness levels and also the worst surface finish. The lower interparticle strength of the 
steels with higher BN levels – as indicated by the low impact energy data - , which was 
held responsible for the poor surface finish of the Fe and Fe-C based specimens described 
in [8] does not play such an important role here; however, it must not be neglected that in 
the experiments given in [8], up to 2 mass% BN had been added while here, 0.5% BN was 
the maximum content.  

 

 
Fig.8. As-machined surface roughness Ra as a function of the hardness. 

CONCLUSIONS 
Hexagonal boron nitride (hBN) was admixed to PM alloy steels based on 

prealloyed steel powder Astaloy Mo, diffusion-alloyed powder Distaloy AE and mixed Fe-
Cu with nominal C levels of 0.5% and 0.8%, respectively. The mixtures were compacted 
and sintered under industrial conditions. In general the same effect of admixed hBN was 
found as has been observed with Fe and Fe-C sintered in laboratory furnaces. hBN 
remained stable in all cases since the atmospheres contained N2, and the hBN adversely 
affected the interparticle strength, in particular at the higher BN content of 0.5%, which 
resulted in low impact energy data. There was also a marked effect of BN addition on the 
hardness which however was rather due to the retarding effect of hBN on graphite 
dissolution. Here it was shown that sintering in endogas tended to result in higher total 
carbon levels, indicating carbon pickup during sintering, and in higher hardness, except for 
Fe-Cu-C, which indicates in this case carbon was deposited rather as elemental carbon than 
dissolved. The microstructures corroborated these findings, showing that sintering in 
endogas resulted in more dissolved carbon than sintering in N2, esp. at 1140°C.  

Machinability tests were carried out in turning, the roughness of the machined 
surfaces being taken as a criterion. Ra, R3z and Rz-ISO were measured and showed 
generally very good agreement of the trends (although the levels are of course quite 
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different). It showed surprisingly that Distaloy AE-C, which reportedly is poorly 
machinable, resulted in the lowest Ra values. The effects of the BN and carbon contents 
were not too pronounced compared with that of the sintering conditions: sintering at 
1120°C in endogas and at 1220°C in N2 resulted in markedly better surface finish than 
sintering at 1140°C in N2. This can be correlated to the apparent hardness: as a general 
trend, higher hardness results in lower roughness of the machined surface, which supports 
the hypothesis that plastic compression of the pores, and resulting work hardening, is the 
reason for the inferior machinability of porous sintered steels compared with fully dense 
wrought grades.  
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