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lon nitriding of a sintered iron molybdenum alloy

M. R. PINASCO
Department of Chemistry and Industrial Chemistry, University of Genoa, Genoa, Italy
E-mail: metal@chimica.unige.it

M. G. IENCO
Department of Chemistry and Industrial Chemistry, University of Genoa, Genoa, Italy

P. GUARNONE
Ansaldo Ricerche, Genoa, Italy

G. F. BOCCHINI
PM consultant

The behaviour of a sintered alloy Fe Mo 1.5 C 0.01 in two density states when subjected to
an ion nitriding process is analysed. The thermochemical treatment was carried out with
three different combinations of parameters (time, nitriding atmosphere). The analyses of
the material after treatment included dimensional measurements, macro- and micro
hardness determinations, diffractometric analysis and microstructural examination with an
optical microscope and a scanning electron microscope equipped with an EDX system. All
treatments led to satisfactory results for the material in the two density states: the volume
mass is not a discriminative parameter in this case. © 2000 Kluwer Academic Publishers

1. Introduction metallic surface and react with the metal itself. The

The need for producing mechanical components withprocess is similar to ionic bombardment. The vacuum

close dimensional tolerances at low costs has led thehamber acts as the anode while the components to be

development of powder metallurgy technologies. Attreated are the cathodes.

the same time there is also a demand for good surface Typical process parameters are:

characteristics (resistance to wear, corrosion etc.) and

consequently a surface treatment is required in ordelow pressure (up to 1.3 MPa)

to increase the material hardness. Among the differhigh DC voltyage (200 to 1000 V)

ent surface treatments ion nitriding is one of the mostow current density (generally 10 mA/cm2)

effective. It is known that in bulk steels Mo, as an al- relatively low temperature (375 to 630).

loying element, improves the hardenability. The same

effect also exists for powder metallurgy steels. In addi- An accurate cleaning process (normally hydrogen

tion Mo does not have a negative effect on the sinterindbombardment) is required before nitriding in order to

parameters. remove any contamination from the surface. This step
In 1990 a new iron prealloyed powder Astaloy Mo of the treatment is very critical when the components

with 1.5 % Mo was introduced by ¢étjanas, and in the to be nitrided are sintered parts. In fact impurities could

same period in the USA a new powder with 0.85% Mobe trapped inside pores during the sintering process and

was commercialised. Both powders did not present sigeould be release later on during the nitriding process.

nificant differences in compressibility with respect to Main advantages of ion nitriding include: composi-

atomised Fe powder but they showed a considerable intion control and nitrided layer uniformity, low compo-

provementin hardenability [1-3]. Mo sintered steels arenent distortion, good thickness uniformity, lower pro-

a good choice if a suitable surface treatment is adoptedess temperature, lower power consumption, possibility

[4-6]. lon nitriding is one of the suitable treatments. of process automation, and possibility of protection for
lon nitriding is a relatively new process and its mech-the areas that are not to be nitrided. For use with powder

anismis notyet completely understood [7]. It seems thammetallurgy there is another great advantage: the pene-

atomic nitrogen reacts with perfectly cleaned metallictration of gases inside pores is (theoretically) avoided

surfaces, and then the reaction nitrogen diffuses towardso that the risk of core brittleness decreases.

the inner part of the material. Together with nitrogen Recent studies [8, 9] showed that process improve-

different gaseous species also can react in the sanmeents can be reached with an increased glow discharge.

manner. The process is carried out inside a vacuuriiogether with the conventional discharge an auxiliary

chamber and a plasma is created with an highly intenelectron source and a positive electrode are used. Extra

sified tension electric discharge inside the gas. Nitrogeelectrons emitted by the filament due to the thermionic

ions accelerated by an electric field strike against theffect are accelerated towards the positive electrode and
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strike against molecules, atoms and gas ions. This prG-ABLE Il Volume mass, HV5 and HB62.5 hardness values of mate-
cess is carried out at lower pressutel@ Pa) than the ralsAandB
conventional one and is characterised by an high ioni- VOLUME MASS
sation rate with an increased impact power of plasma. (108 kg/n?)
References about ion nitriding on sintered compo-

. . min mean max HV5 HB62.5

nents are few and nothing has been done until now
about ion nitriding at low pressure. MATERIALA 7.4 7.49 75 10610 114+4
MATERIALB 6.8 6.96 7.0 94+10  87+5

2. Materials and methodologies

The sintered material studied is a Fe - Mo alloy com-

mercially known as Astaloy Mo. This alloy is produced 3. Experimental results

from a completely alloyed water atomised powder with3.1. Base material

the aim of testing surface treatments on it. The samTable Il shows the volume mass and hardness values of
ples are cylinders 25 mm in diameter and 25 mm longhe material in the two density states. Hardness values
produced in two different density states. Samples wereyre indicated according to the traditional scales.
prepared according to a normal industrial production The volume mass of material B is very close to that

procedure. reported by Remges and Zimmerman [10] as the thresh-
The nominal alloy composition is: old under which it is not possible to obtain satisfactory
results. Otherwise the process parameters used in that
Fe;Mo= 1.5%, C < 0.01% study were quite different from ours.

The hardness measurements seem to depend on the

. . . . . orosity amount and this may be explained as follows:
Heremafterthetwodlﬂ‘erentdenS|tycond|t|onSW|IIbep osity amount and this may be explained as follo

identified by the letters A and B. Alloy A was pressed at
590 MPa, pre-sintered at 880 for 20 minutes in 90%
N2 10% H2, then pressed at 785 MPa and re-sintered
at 1120C for 30 minutes in 90% N2 10% H2. Alloy
B was pressed at 590 MPa and sintered at 1CZ0r
30 minutes in 90% N2 10% H2. Both materials were
ion nitrided at 590C by a German company with three
distinct process parameters (Table I).

The materials in the as sintered conditions were ex-
amined using different techniques:

For loads higher than 5 kg it is possible to define a
“normal” or “apparent” hardness that depends on the
metal structure and porosity level.

For loads between 3 and 0.2 kg the influence of poros-
ity on hardness decreases without reaching the zero
level.

For loads lower than 0.1 kg the influence of porosity is

negligible (some differences could be observed when

the operator changes).

_ _ _ _ ~ Hardness was measured with HV5 and HB62.5
» Dimensional measurements (with a centesimal miscales. The mean value was obtained from 30 measure-
crometer), weight measurements and calculation ofnents, the minimum required for a statistical approach.

volume mass. According to the deegre of value scattering, the HV5
e Vickers and Brinell hardness measurements on ascale seems to be less effective than the HB62.5 scale
received surfaces. to measure the hardness of this material [11].

e Optical and Scanning Electron Microscopy. The differences between results may be explained by
e Hg porosimetry in order to measure pores size andhe smaller area subjected to the test when the load is
distribution. low. If there is a porosity non uniformity due to pro-

e Porosity measurement by image analysis, formuladuction defects this will be revealed better with lower
reticule. loads, and the scatter of the results obtained will be

o Xray diffractometry. greater. The more dense alloy shows values only a little
After nitriding the materials were analysed by:  higher than the less dense alloy, this is due to the slight

¢ Dimensional measurements. effect of double pressing on the surface density.

o Vickers Hardness (HV5, HV1) on the nitrided sur-  Different analysis techniques (image analysis, for-
face. mula p=1-d/D whered is the volume mass of

e microhardness profiles (HV0.05) along the crossthe sintered material anB is the corresponding vo-
section. lumic mass of the bulk material, reticule technique

e Optical and Scanning Electron Microscopy with (Montecarlo) on micrographs) led to coherent porosity
EDX values: 4.3% for material A and 11.4% for material B.

o X-ray diffractometry. Fig. 1 shows the pore size distribution obtained with

a Hg porosimeter for materials A and B. The consider-
able difference between materials shown by the graphs

TABLE | lon nitriding parameters at 59C . . . .
trang p is confirmed by microstructural analysis on the as pol-

Treatment N2% H2% CH4% t(hy ished samples.
Pores in material B have an irregular shape and this
; gg ;g - 2?1 is an indication of interconnected porosity. The pores in

material A instead have aregular circular shape and, ac-

3 75 25 traces 24 , ; .
cordingly, the presence of interconnected porosity can
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Figure 3 Material A: ferrite structure with granulare bainite islands (Ni-

Figure 1 Distribution diagram of surface pore dimensions for materials .
9 9 P tal 2% etching).

A and B.

be excluded (Fig. 2a and b). The relationship betweer b~
density and pore morphology is of the same kind as thajees £
observed for pure sintered Fe obtained from atomiset
powder. This confirms that the presence of 1.5 % Mot
does not influence the relationships between volumg
mass and porosity.

Metallographic etching 2% with Nital revealed that
the structure is almost completely polygonal ferrite
(Fig. 3). The presence of granular bainite is sometime$
observed but its distribution is different depending onjg
sample and zone of the same sample. A small amou
of residual austenite was found. very close to the bai
nite islands (Fig. 4). The presence of these phases i
attributable to an irregular distribution of carbon prob-
ably derived from the organic lubricant used during
the sintering process. Another influencing factor is the

large cooling gradient in the oven where sintering was3.2, 1. Dimensional changes and Vickers

Figure 4 Residual austenite adjoining the bainite (SEM).

carried out. hardness
_EDX analysis showed (within the limits of the tech- The per cent increase in diameter of the samples af-
nique) an homogeneous Mo distribution. ter the nitriding treatments is reported in Table Ill. The

limit of dimensional changes due to the treatment ad-
mitted for this kind of material is 0.12% because a
3.2. Material after nitriding higher variation implies the risk of brittleness.
The examination of the nitrided surfaces showed a uni- All values for the materials studied are under the
form roughness with some irregularities corresponddimit. Material B shows higher values than material
ing to disuniformity in the substrate (probably residual A. The diffusion of nitrogen inside the core is limited

porosity). (Fig. 5). and consequently the material toughness should still be
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Figure 2 Porosity features: (a) material A; (b) material B.
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TABLE IIl Percentdimensional variations

Ad %
TREATMENT MATERIAL A MATERIAL B
1 0.04 0.12
2 0.04 0.08
3 0.04 0.12

TABLE IV HV1 and HV5 hardness values after the nitriding
treatments

HV5 HV1

Material Treatment min. mean max min. mean max

197 251 327 285 318 355
163 274 358 378 412 448
202 325 453 342 382 422
109 129 151 219 248 263
125 164 237 219 249 290
131 165 179 235 248 261
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Figure 7 Material B after treatment 1: surface layers (Nital 2% etching).

3.2.2. Microstructural analysis
Treatment 1Microstructural examination of the as pol-
ished samples showed that in material B the increase
in pore dimensions is present up to a depth of 800
um. The microstructure of the nitrided layers (Figs 6
Figure 5 Typical feature of a nitrided surface. and 7), evident after Nital etching, is similar for the
two materials. The white layer is very thin and with
irregular thickness (3—8m in material A, 2-12:m
good. Vickers macro-hardness tests were carried out in material B, Table V). In material B the compound
with 1 kg and 5 kg loads; microhardness profiles along layer has a certain grade of infiltration and a reticular
the cross section were obtained with 2 0.01 kg load.  shape. The thickness of the diffusion layer is about
Table IV reports the macro-hardness results (mean, 250 um for both materials. In material A the ferrite
minimum and maximum value). Values obtained with richin nitrogen is present together with points where
the lower load are higher and less scattered due to the there is only diffusion at grain boundaries; in ma-
fact that the area affected by the test is confined to terial B the diffusion at grain boundaries starts just
the nitrided layer. Regarding the 5 kg test the surface under the azoferrite zone. In the diffusion layer there
hardness differences after nitriding are correlated to the is also the presence of needle shaped nitrides grown
differences before nitriding for the two materials. along preferential directions towards the grain cen-
The hardness increase due to the nitriding treatment tre. The amount of nitrides is superior in material
is more evidentin material A (150-230 with 5 kg, 200— B. In this material at the diffusion layer/core inter-
300 with 1 kg) than in material B (20—-60 with 5kg, 150 face zone there is also a continous precipitation of
with 1 kg). The structure of the nitrided layer is similar ~ fine nitrides just visible with the optical microscope
in the two materials, but material B shows an increase (Fig. 8). In the diffusion layer there are also a few,
in pore dimensions under the layer, a phenomenon that small islands of braunite.
was not observed in material A. No references exist thafTreatment 2Material B after treatment 2 shows an
report this phenomenon. A possible explanation is that increase in pore dimensions up to a depth of 700
a too high nitrogen concentration can induce material um. In material A the different zones of the diffusion
brittleness. The embrittled material can detach later on layer are well defined contrary to material B (Figs 9
during metallographic preparation or can break during and 10). The mean thickness of the white layer is
the hardness test. larger than in the previous treatment and is extremely
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Figure 8 Material B after treatment 1: nitrides of very small dimensions
in the interior of the nitrided zone.

Figure 10 Material B after treatment 2: surface layers (Nital 2% etch-
ing).

variable (2.5-13:m for material A, 3.5-16.:m for
material B). The diffusion layer in material A is about
350um and is composed by a layer of azoferrite and
nitrides and another layer with only grain boundary
diffusion. The final layer is constituted only by ni-
trides in ferrite. Material B has a diffusion layer of
about 400um. At the same depth it is possible to
find together azoferrite grains (mainly towards the

surface and around pores) and diffusion zones only
along grain boundaries. In some grains there is the

continous precipitation of small nitrides; the zone
of nitrides in ferrite grains is absent. Both materials
show braunite islands in the diffusion layer.

Figure 11 Material A after treatment 3: surface layers (Nital 2% etch-
ing).
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ing).

Treatment 3The microstructural aspect of materials
A and B is the same after treatment 3. The different
layers however have different thicknesses and dispo-
sitions (Figs 11 and 12). Material A has a white layer
variable between 2 and 2/m that has a tendency
to infiltrate through the azoferrite grains below. The
diffusion zone of about 20@m shows a well de-
fined disposition of layers. The surface layer is con-
stituted by azoferrite and needle-shaped nitrides fol-
lowed by a grain boundary diffusion zone and finally
by nitrides in a ferrite zone. Braunite islands are also
present.

The observation of material B as polished shows
the phenomenon of pore enlargement for more than
1 mm in depth. The white layer varies between 12
and 46um, has an irregular shape and penetrates
around the azoferrite grains to form a reticule. The
diffusion layer is very thick £500 xm) and some-
times there are preferential diffusion paths that lead
to higher thickness. It is constituted by an external
layer of azoferrite richin nitrogen and by an internal
layer where azoferrite (near large pores) and grain
boundary diffusion coexist. Few and thin nitrides
are present. There is not a layer where only needle-
shaped nitrides are present.
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3.2.3. XRD analyses

XRD analyses showed the exclusive presence of
phase in the samples subjected to treatments 1 and 2.
In both materials subjected to treatment 3 (N, =

75 : 25 with traces of Ck) a small amount of phase
containing C was also found. The presence of C in the
material or of CH in the nitriding atmosphere promotes
the formation of the phase [5].

Other studies report that when bulk iron is gas ni-
trided thee phase could be localised not only in the
inner part of the white layer but also in both the inner
and outer zone, while when steels are gas nitrided the
¢ phase is mixed with the’ phase [12-14].

Murakami’s etchant (selective towardghase con-

Figure 13 MaterialBaftertreatment3:theblackphaseinthecompoundtaining C) [12] was used to distinguish carbonitride

layer ise carbonitride (Murakami etching).

HV0.05
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inside the compound layer (Fig. 13). Carbonitride was
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Figure 14 Microhardness profiles of materials A and B after treatment 1.
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Figure 15 Microhardness profiles of materials A and B after treatment 2.
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Figure 16 Microhardness profiles of materials A and B after treatment 3.

identified in the internal part of the white layer at the spheres. All maximum values are comparable except

boundary with the substrate [12, 13]. Carbonitride isthose for material B after treatment 3, which are higher

present in smaller amounts in material A than in B.due to the presence efphase in the compound layer.

In this case the carbon source was {Fbm the gas The increase in nitriding time leads to a small increase

atmosphere. in hardness (after treatment 2 only a little higher than
after treatment 1). The plateau value of material B is
higher than for material A due to the large amount of

3.2.4. Microhardness profiles porosity.

Because of the as delivered material characteristics the

hardened layer is very irregular, and in order to ob-

tain reliable microhardness profiles as a function of thet. Discussion

distance from the surface, several set of measurement$e experimental results show that in the case of ion

were necessary (Figs 14-16). nitriding the volume mass of the material is not a dis-

Table VI reports the main values for each profile: criminative parameter especially in atmospheres with-

maximum hardness value, distarcc&om the surface out C. This observation is in agreement with previous

atwhich the curve reaches a plateau and nitriding depthtudies [15]. However the volume mass does influence

dN at which the hardness has the mean value betwedhe characteristics of the nitrided layers.

the maximum and the plateau. The maximum hardness Regarding the compound layer it was observed that it

values depend slightly on the nitriding times and atmo-is more irregular and thicker in the less dense material.

TABLE V Thickness of the nitrided layers

TREATMENT 1 TREATMENT 2 TREATMENT 3
compound diffusion compound diffusion compound diffusion
layer (um) layer (wm)* layer (um) layer @m)* layer (um) layer @m)*
MATERIAL A 3+8 250 25+-13 300 2-27 200
MATERIAL B 212 250 3.5-16 450 12-46 >500

*without the layer where only nitrides are present.

TABLE VI Main parameters of microhardness profiles

TREATMENT 1 TREATMENT 2 TREATMENT 3

HV0.05 max  d(mm) dn (mm) HV0.05 max  d(mm) dn (mm) HV0.05 max  d(mm) dn (mm)

MATERIAL A 390 0.3 0.07 404 0.4 0.18 408 0.3 0.16
MATERIAL B 374 1.0 0.12 384 0.7 0.26 450 0.7 0.12
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The structural differences are particularly evident aftemot produce micropores in the white layer as the Nitreg

treatment 3: the boundaries of this layer are not clearlyreatment does [6].

defined. 2. The volume mass has an influence on the mor-
Both materials show, after the nitriding treatments,phology and microstructure of the nitrided alloys. The

the nucleation of needle shaped nitrides inside the diffucompound layers are thinner and more irregular in the

sion layer. These nitrides grow with a crystallographicless dense material. The treatment parameters influence

orientation related to that of the grain from which they the microstructure of the diffusion layer. Together with

arise. Some nitrides are in the external part of thethe azoferrite grains the principal constituents are large

diffusion layer and have large dimensions; indicatingamounts of needle shaped nitrides that have no effecton

that they were nucleated at the treatment temperatugardness and diffusion and precipitation phenomenon

in points where nitrogen was abundant. Other nitridesat grain boundaries [4, 6].

smaller than the previous ones present in the internal 3. The higher surface hardness is obtained with treat-

layer of the diffusion zone precipitate during cooling ment 3 with an higher N content and traces of CH

due to the diminished solubility of N in Fe [16]. From the previous observations it is evident that there
In the less dense material after treatments 1 and B little effect of the long treatment times. On the con-

there is continous precipitation of very small nitridestrary it could be interesting to test shorter process times.

that have a different morphology than the phase

[16]. According to other authors [12], this may be the

tetragonal” phase. In all cases the nitriding treatmentAcknowledgements
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