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Structure and Friction-Reducing Property of the Sulfide
Layer Produced by lon Sulfuration
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Sulfide layers with a certain thickness were made on the surface of 1045 and 52100 steels by means of the
low-temperature ion sulfuration technique. Metallography, scanning electron microscope (SEM)energy-
dispersive x-ray analysis (EDX), and x-ray diffraction (XRD) were adopted to analyze the structure of
sulfide layers; the tribological properties of the layers lubricated by paraffin oil were also investigated on

a reciprocating tester. The results showed that sulfide layer is porous, and its structure is mainly composed
of FeS, Fe§ and substrate phases. The sulfide layer possessed a remarkable friction-reducing effect; its
friction coefficient was lower on average, by about 50%, than that of the surface without layer. With the
increase of layer thickness, its friction coefficient was unchanged, and under low load conditions, its
operational period was prolonged. Under the same experimental conditions, the operational period of
sulfide layer on 52100 steel was longer than that on 1045 steel, and its friction coefficient was lower as well.

Keywords low-temperature ion sulfuration, sulfide layer, tortion and without reduction in hardness. In addition, this
structure, friction reducing technique is without pollution caused by CiN electrolytic
sulfuration. Furthermore, its technological parameters can be
. easily controlled, and the surfaces of workpieces cannot be oxi-
1. Introduction dized® 9 Therefore, this technique is a new sulfuration tech-
nology with great promise. The principles of ion sulfuration
Tribological properties of machinery parts can be improved are basically the same as that of ion nitriding. The components
greatly by using sulfur-containing lubricants, because a FeSare made up of the cathode and the container is the anode. Di-
boundary film can be formed on the surface of parts due to therect current voltage of about 500 to 600 V applied between the
chemical reaction between sulfur and ifofi.Although this anode and the cathode ionizes the reactive gas and leads to
boundary film is no more than Owm thick, it possesses re- glow discharge. Sulfur ions forced by electric field bombard
markable friction-reducing and wear-resistant effects becausethe surface of components, which are heated. At the same
of its special structure, high melting point, and low shearing time, nascent sulfur diffuses inward and reacts with iron.
strength. In order to obtain a much thicker FeS layer at the sur-Then, the sulfide conversion layer can be formed. The reactive
face of ferrous metal parts, the sulfuration technique was de-gases are generally,§, CS, or pure sulfur, as well as a little
veloped. The sulfuration technique is known as a processammonia. At present, the ion sulfuration technique has been
specifically designed to produce sulfides at the surface of fer-applied to many components, such as cutting tools, gears,
rous metal part8! By means of this technique, a sulfide con- bearings, dies, and piston cylinders. In China, more and more
version layer several micrometers thick can be formed by attention has been given to the low-temperature ion sulfura-
introducing sulfur or sulfides onto or into the surfaces of metal tion technique owing to its many advantag@sn this paper,
parts. A traditional sulfuration technique is low-temperature the structure and the friction-reducing property of the sulfide
electrolytic sulfuration, such as the “Sulf-BT” proc&# layer made by the ion sulfuration technique on the surface of
190 to 200 °C molten mixture of sodium and potassium thio- 1045 and 52100 steel were studied.
cyanates is used as the electrolyte. The components to be
treated are made the anode and the metal container for the .
electrolyte is the cathode. A sulfide conversion layer about 102. EXxperimental Method
um thick can be produced on the surf&&&Obviously, be-
sides easy aging of the molten mixture, another problem of Experimental materials were 1045 steel treated by quench-
this process is the pollution caused by CRhus, the propa-  ing and high-temperature tempering, with a Rockwell hardness
gation of this technique is limited. In recent years, a low- of C-26 to 30, as well as 52100 steel treated by quenching and
temperature ion sulfuration technique was developed. Thelow-temperature tempering, with a Rockwell hardness of C-57
operating temperature of this technique is low, no more thanto 62. The geometry of testpieces was 24 mm in diameter and
200°C, so the components can be treated with minimum dis-5 mm in thickness, and the average surface roughnesRavas
0.04um. Then, sulfide layers, which were about 4, 6, 8, andi0
thick, respectively, were produced on the surfaces of testpieces
by means of the low-temperature ion sulfuration technique.
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to analyze its morphology and compositon, and metallographybe ascertained that the substrate microstructure exists in the
was employed to measure its thickness. Wear tests were consulfide layer.

ducted on an Optimal-SRYV reciprocating tester (made in Ger-

many). The lower testpieces were sulfurated and unsulfurated )

discs, and the upper testpieces were 52100 steel balls (10 mnd-2 XRD Phase Structure Analysis

in diameter) with a Vickers hardness of 770. A normal load  The phase structures of the 1045 and 52100 steel substrates
was given to the upper sample, which reciprocated on the lowerand their sulfide layers analyzed by XRD are shown in Fig. 6.
sample. Tests were performed in a room-temperature and atThe a-Fe patterns of the 1045 and 52100 steel substrate cor-
mosphere environment with paraffin oil as a lubricant. Exper- respond to the martensitic microstructures of both alloys after
imental parameters were that vibration frequency was 15 Hz,heat treatment. The strong peakseffe in the sulfide layer
amplitude 1 mm, and the normal loads 20, 40, 60, 80, and 10Qndjcate that the main phase in the layer-e phase. Sulfide
N. An X-Y recorder recorded the friction coefficient. When phases are Composed of FeS and,Fésher sulfide phases
the friction coefficient increased Suddenly, teSting was such as S, reported by Ref 12 were not discovered. FeS,
stopped, and the wear time was recorded. If there was nayhich has a hexagonal structure, can easily slide along its base
change after 30 min of testing, then 30 min was considered aglane, so FeS shows a very good lubrication property. When
the wear life of the sulfide layer. an x-ray penetrates a substance, the latter is weakened by
scattering and absorption. Provided that the intensity of the

. ) incident x-ray isly, then the intensity of the diffracted ray is
3. Experimental Results and Analysis given by

3.1 Morphology Features of Sulfide Layer | = lpe H2dsna) (] <))

Figure 1 shows the surface morphology of the sulfide layer
12 um thick on the 52100 steel. It can be seen that its surfacewhered is the penetration depth,the incident angle, and
is porous. Its composition analyzed by EDX is shown in Fig. 2 the x-ray linear absorption coefficieil. Becausguee >> s
(unit of the ordinate representing intensity is arbitrary). Be- and Fe is the main element in the layer, the absorption coeffi-
cause the hardness of the sulfide layer is very low, only Vick- cient of Fe to the CK, ray is considered as that of the layer.
ers hardness 50 to 160,the metallography sample was fairly The depth of/l, = 13% is considered as the penetration depth
difficult to prepare. Figure 3 shows the cross-sectional mor- of the x-ray. As a result, the maximum penetration depth of the
phology of the sulfide layer on 1045 and 52100 steel substrateCu K, ray in these tests is aboutwn. In other words, the
under light microscopy. The black strips are sulfide layers, phase structure analyzed is almost all in the depth @4
whose thickness looks quite even, and the substrate is under thiEom the surface and is not involved in the substrate. So the
layer. Figure 4 shows the cross-sectional morphology of theapperance ofx-Fe in the 10um thick sulfide layer indi-
sulfide layer on 52100 steel observed by SEM. Obviously, cated thatu-Fe is an ingredient of the layer. It can be seen
there is no transition layer between sulfide and the substratefrom Fig. 6 that the Fe$hase appears with the increase of
and the structure of the sulfide layer is loose. Using EDX to an-layer thickness. FeSwhich has a cubic structure, does not
alyze the composition of the sulfide layer and the substrate inshow a self-lubrication property. As for the 52100 steel, both
Fig. 4, the results are shown in Fig. 5. Combining with the re- FeS and Fesappear in the layer with either thickness, but car-
sults in Fig. 2, which indicated that a little Cr element still ex- bide at the surface diminishs gradually with the increase of
ists in the sulfide layer besides plenty of Fe, S elements, it canlayer thickness.
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Fig. 1 Surface morphology of the sulfide layer on the 52100 steel Fig. 2 Surface composition of the sulfide layer on the 52100 steel
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Fig. 3 Cross section of the sulfide layer @) 1045 andb) 52100
steel substrates under light microscopy. The black strip is the sulfide
layer, and the substrate is under the layer

Fig. 5 Composition of théa) layer andb) substrate in Fig. 4

3.3 Wear Test Results

The variation of the friction coefficient of the sulfide layer
with wear time is shown in Fig. 7. After a certain period of test,
the sulfide layer was worn away and lost its effects, and then the
metallic surfaces came into direct contact, which led to the sharp
rise and large fluctuation of the friction coefficient. The opera-
tional period, and theu, of the sulfide layer were considered as
the indexes to evaluate the friction-reducing property of the sul-
fide layer. The test results are shown in Fig. 8 and 9. Obviously,
at the initial stage when the sulfide layer could fully play its role,
the u, of the layer was only about 50% that of the plain surface.
This indicated that the sulfide layer showed a remarkable lubri-
cation effect. With the increase of layer thickngssyas basi-
cally unchanged, and at low loatisivas prolonged. Under the
same experimental conditions, theof the 1045 steel sample
Fig. 4 Cross-sectional morphology of the sulfide layer on the 52100 Was higher and thg was shorter than that of the 52100 steel
steel. The content of sulfur in the layer is very high, and the substrate issample. In addition, with the increase of loadwas decreased
on the right of the layer andt. was shortened.
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Fig. 7 Variation of the friction coefficient of the sulfide layer with
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cause of the very low solubility of sulfur into iron, sulfur can
easily aggregate on the surface and FeS appears as islands at the
initial stage of sulfuration. With the diffusion of sulfur and its
aggregation, a continuous sulfide layer can be formed on the
surface of the component. The analysis results of EDX for the
sulfide layer on the 52100 steel showed that Cr was present in
(b) the layer. Combining with the results of XRD analysis men-
tioned above, it could be confirmed that the sulfide layer is the
Fig. 6 Phase structure of tf{e) 1045 steel an(b) 52100 steel sub-  mixture of the sulfide and the substrate phases. When the layer
strate and sulfide layers on them. CPS—counts per second—indicate@hickened, the diffusion time of sulfur toward the Fe/FeS

substrate

25 45 65 85 105
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the intensity value boundary was prolonged and sulfur could easily aggregate on
) . the surface, so the Fgghase could be formed. In this research,

4. Discussion the transition layer between the sulfide layer and the substrate,

which had been described in Ref 14, was not observed. It was

4.1 Formation and Structure of Sulfide Layer probably because of the ion bombardment effects, which led to

the formation of intrinsic stress and high-density lattice defects
at the surface, that the sulfide layer was easily and homoge-
neously formed.

From the Fe-S binary diagréfit can be known that the
solubility of S into Fe is very low. At 93TC, the solubility of
S intoa-Fe is only 0.02%, and it is almost zero at 700 So
only FeS can be formed at the Z@ sulfuration temperature.
FeS can also be formed if activated sulfur is saturated. The for-
mation course of the sulfide layer is shown by the scheme in  The friction-reducing effect of the sulfide layer shown by
Fig. 10. In the process of ion sulfuration, sulfur-containing wear test results is due to the following reasons. (1) FeS, which
gases are ionized, and sulfur ions, neutral particles, electronshas a hexagonal structure, lattice constants5.97nm,c =
and other particles are produced. Sulfur ions accelerate in thel1.74nm, can easily slide along its base plane and shows low
cathode zone and bombard the surface of the cathode. Then, th&hear strength and high melting point (120). Thus, it is an
cathode is heated, and its surface is in the activating state due texcellent solid lubricant. (2) The FeS layer can impede the di-
the bombardment of high-energy particles. Sulfur reacts with rect contact of rubbing surfaces and alleviate the adhesion.
iron, and iron sulfide is formed. Because of the large radius of(3) The sulfide layer, which shows a loose and porous struc-
the sulfur atom (1.02nm) and the very low solubility of sulfur ture, can easily absorb lubrication oil and form oil film. (4) In
into iron, sulfur can only diffuse into iron substrate along de- the wear process, FeS probably can be decomposed and liber-
fects. Due to the bombardment of ions, a high-density defectate activated atomic S due to the actions of friction heat and
zone, which is favorable to the diffusion of sulfur atoms and/or mechanical force. A part of the activated atomic S is oxidized,
ions into the substrate, is formed at the surface. However, be-and another part can react with Fe to produce FeS again; there-

4.2 Friction-Reducing Effect of Sulfide Layer
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Fig. 8 Wear test results of the sulfide layer on the 1045 steel substrate; varigtiptheffriction coefficieni; and(b) the operational periagdwith
layer thickness and load
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Fig. 9 Wear test results of the sulfide layer on the 52100 steel substrate; varigdiptineffriction coefficienjw, and(b) the operational periog with
layer thickness and load

fore, the operational period of the sulfide layer is prolonged. phase, which is with cubic structure and without self-lubrication
When FeS is decomposed and regenerated, the iron oxide filmeffect, can appear in the sulfide layer. This phenomenon can
can also be formed. The boundary lubrication film composed cause the friction coefficient to no longer be reduced with the
of iron sulfide and oxide can remarkably increase the load-car-increase of layer thickness. Moreover, @@y transform into
rying capacity!>181 Under low load condition, the thicker the FeS in the wear process to prolong the operational period of
layer, the longer the operational perigdWhen the load be-  sulfide layer.

comes higher, the sulfide layer is worn away faster, and its  In addition, under the same conditions, the operational period
solid lubrication effect is no longer present. But the decompo- of the sulfide layer on the 52100 steel surface was longer than
sition and regeneration of FeS may occur. The lubrication that on the 1045 steel surface, andvas also lower. Probably
effect of newly generated boundary film can affect the rela- it was because the higher hardness substrate of the 52100 steel
tionship of the operational periddwith the original thickness  could support the sulfide layer more strongly, and also the plas-
of the sulfide layer. Therefore, it is unnecessary to produce atic deformation at the surface was less. Therefore, the higher
very thick layer on the surface of the component for high load hardness of the substrate is a key factor for fully playing the
condition. Especially, with the increase of thickness,,FeS friction-reducing role of the sulfide layer.
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Fig. 10 Schematic diagram of ion sulfide layer formati@).S ions bombard the surface of the substfa)d=e ions and electrons are sputtered out;
FeS and the high-density defect zone are forif@dreS islands, which connected with each other, form a continuous layer; at the same time, S ions
and Fe ions continue to diffuse toward the laga@rAs the layer becomes thicker, S is rich in the surface, and$-fBmed
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