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Abstract. Sintered copper-based parts with self-lubricating properties are, nowadays, 

extensively employed, e.g. in automotive bushes. However, in such components, the liquid 
lubricant is added after the sintering stage. Recent developments have attempted to substitute 

the liquid lubricant for a solid one (which is incorporated during the mixing step), aiming 
operations under extreme conditions where liquids may be ineffective. For powder injection 

molding (PIM) market, stainless steels are the widest-ranging application group. In this study 
composites of 17-4 PH stainless steel with 10% vol. of molybdenum disulfide solid lubricant 

were prepared by PIM. The sintering of the compacts was carried out at various temperatures 
ranging from 650 to 1300ºC. The composite structure was analyzed by SEM/EDS, and the 

phases formed were identified by XRD. Results indicated decomposition of MoS2 during the 

sintering cycle, for temperatures above 650ºC, with formation of others sulfides and 

supplementary diffusion of molybdenum into the matrix. 

Introduction 

The alloy 17-4 PH is a precipitation hardenable martensitic stainless steel, which is 

recognized by high strength and corrosion resistance and has widespread applications, as 

aeronautic, automotive, marine, military and medical instruments areas [1-5]. The 

precipitation hardening treatment provides high hardness to the alloy, what can result in 

difficulties during the machining step in conventional process. As a way to overcome that, the 

powder injection molding is an excellent alternative to manufacture 17-4 PH stainless steel 

components [6-8]. 
In most of tribological applications is common to use materials such oil or greases as 

lubricants. However, when the operation conditions become extreme (for example: 
excessively high or low temperatures, vacuum, radiation, higher contact pressure, etc.), these 

materials may not be able to satisfactorily lubricate the surfaces; in this case, the use of solid 
lubricants, such as molybdenum disulfide, is justified and pointed out [9-14]. 

A solid lubricant could be applied to the tribological pair components in the form of films, 
deposited or generated layers on their surface, or incorporated to the bulk volume in the form 

of dispersed particles into the matrix, forming a composite material [8]. Although there are 
many works developed with solid lubricants as films, that kind of processing has a high 

production cost and in general there are problems, such as decrease on coating performance 

which can be affected by the part geometry and also because of the small thickness of the 

coating, usually micrometric layers, which provide to the part only a limited reserve of 

lubricant. Aiming to solve these difficulties, the dispersion of solid lubricants particles into 

the bulk of a metallic, ceramic or polymeric matrix can be an alternative. In this kind of 

composite material the production cost is pretty much similar to the fabrication cost of the 
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original part, since there is no need of additional fabrication steps, the solid lubrication source 

is in the whole volume of the part, hence there is an abundant quantity of solid lubricant and 

usually the geometry of the part has no influence on its performance. Through PIM, the solid 
lubricants and the matrix material can be completely mixed, molded to obtain the desired 

shape and then sintered [13]. 
Studies of self-lubricant composites manufactured by powder metallurgy with MoS2 in a 

variety of matrixes: Ni-Cr-W-Fe-C [11], 316L [15], AISI M3/2 and M35 [16], Ni–Cr–W–Al–
Ti [17], Fe-C-Cu [18],  Nickel [19] and bronze [20] have been made. The results include 

mechanical [11,16,18-20], microstructural [11,15-17] and tribological characterization 
[11,15,17-20]. In this work, composites of 17-4 PH (matrix) with additions of MoS2 were 

prepared by powder injection molding. The microstructural evolution, phases formed e 

chemical composition of the phases was investigated according to the different sintering 
temperatures employed.  The results are presented, discussed and the thermal stability of the 

solid lubricant (MoS2) in the matrix of 17-4 PH, as well as the sulfides formed in the possible 
reaction between the solid lubricant with the elements of the matrix, are analyzed. 

Experimental Procedure 

Water atomized metallic powder of 17-4 PH (Atmix Co., Ltda., d50=10 µm) and MoS2 

powder (Jet Lube, d50=12 µm) were mixed, in a volumetric proportion of 90% 17-4 PH / 10% 
MoS2, with 8%wt of a binder system composed by polymers and waxes (sigma blade mixer, 

Hake Rheomix, 180°C, 60m, 1,17Hz), which is fundamental to achieve rheological properties 
adequate to the injection molding process. After cooling, the feedstock was grinding in a 

cutting-blade mill (Seibt). The molding of the parts was made in an Arburg Allrounder 320S 

injection machine. The debinding was realized chemically (Hexane 60°C - vapor 2 hrs, 

immersion 5 hrs) and thermally by abnormal glow discharge plasma (hydrogen flow, 1 Torr, 

400V). The sintering cycle was carried out in a tubular resistive furnace (Jung), with 

controlled atmosphere of 95%Ar 5%H2. The heating rates were 10 ºC/min (until 650 °C) and 

5 ºC/min, until the sintering temperature, which ranging from 650 ºC, 750 ºC, 900 ºC, 1150 ºC 

to 1300 ºC. The cooling was forced and occurred as far as possible.  

For the microstructural characterization, the samples were metallographically prepared and 

the microstructure reveled with Marble reagent solution. The samples were analyzed, 

chemically and morphologically, before and after etching, in an optical microscope Leica 

MD4000M and a scanning electronic microscope (SEM) Philips XL30 with EDAX 
microprobe. The X-ray diffraction analyses were performed in an equipment Philips X’pert, 

with Cu Kα (1,54056) radiation, parameters: 40KV and 30mA. Three samples, without any 
post-sintering heating treatments, were evaluated for each property analyzed, for the different 

sintering temperatures. 

Results and Discussion 

Microstructure and EDAX analysis 

For the sample sintered at 1150 °C (Fig. 1a), it was expected a martensitic microstructure, 
which was not found. This could’ve occurred because of the sintering temperature, the 

cooling rate, that in this case would be lower than the necessary rate to the martensitic 
microstructure formation or further, could some molybdenum have diffused into the matrix, 

causing ferritic structure stabilization. In the sample sintered at 1300 ºC (Fig. 1b), it was 
found a martensitic microstructure (typical of 17-4 PH steel sintered at this temperature) and 
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grain growth, as well as second phase coalescence, which presents, in this sample, larger size 

in comparison with the sample sintered at 1150ºC.  

 
Fig. 1: SEM of 17-4 PH + 10%vol MoS2 samples etched with Marble.  

Sintered at (a) 1150 ºC (b) 1300ºC. 

Due to low mechanical strength after processing, it was not possible to metallographically 
prepare the samples sintered at 650, 700 and 900 ºC. 

The EDAX analysis of the sample sintered at 1150°C showed that the molybdenum (from 
MoS2) have diffused into the matrix, presenting chemical analysis values of 3,3 %wt against 

<0,01 %wt of the steel without lubricant element (MoS2). The white particles (Fig. 2, ‘A’ 
indicator) are molybdenum rich (~34 %wt), indicating that the MoS2 could have dissociated 

and the sulfur have formed another compounds, whereas the molybdenum was left isolated. It 
was also found in some of these particles, the elements Ni, Cr and Fe, which indicate that the 

Mo may have formed another phases too. 

The visible glassy phase in the grain 

boundaries has a composition similar to 

the matrix. In this sample there are three 

types of particles spread in the matrix, 

indicated in Fig. 2 as B, C and D. The 

particles ‘B’ have a composition similar to 

the matrix with a higher level of sulfur 

(2,6 %wt versus 0,0 %wt in the matrix). 

The ‘C’ particles (tiny size, circular) have 

high content of Mo (10 %wt), Cr (40 %wt) 

and S (14 %wt), denoting the possible 

formation of chromium sulfide and/or a 
complex chromium-molybdenum sulfide, 

besides part of the sulfur could still be 
linked to the Mo. The particles ‘D’ founded on pore edges also present high content of Mo 

(25 %wt) and Cr (22 %wt), however low sulfur level (1,7 %wt). 
 

XRD analysis  

The X-ray diffraction analysis were carried out on the sintered samples, for all the studied 
temperatures, aiming to verify, comparatively to the 17-4 PH steel without MoS2, the phases 

formed and their evolution with the rising of the sintering temperature, as well as the arising 
or disappearance of some phase. For results interpretation, the standard powder XRD patterns 

were utilized. The evolution of phases according to the sintering temperature is visualized in 
Fig. 3. In this graph, the phase indicated as ‘A’ could be assigned both to the ferrite and 

Fig. 2: SEM-BSE of 17-4 PH + 10%vol MoS2.  

Core etched with Marble. Sintered at 1150 ºC. 
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martensite structure, since these two phases have a similar crystalline structure leading to 

overlay of XRD patterns [21].  

 
Fig. 1: XDR patterns of 17-4 PH + 10%vol MoS2 – evolution 

 of phases according to the sintering temperatures.  

At 650 ºC, the presence of the molybdenum disulfide characteristic peak is observed 

closely to 2θ = 14°, as well as the other peaks (indicated by the letter C). With an increase of 

100°C in the sintering temperature, the characteristic peak disappear, indicating the 

decomposition of MoS2 and the possible formation of other sulfides, which peaks are 

indicated by a circular symbol in Fig. 3. The samples sintered at 900 °C exhibit similar 

behavior to the ones sintered at 750 °C. The diffractogram of the samples sintered at 1150 °C 

present four of the six peaks attributed to the austenitic phase (B) and a intense peak in 

2θ≈44º together with other three peaks attributed to the ferritic phase (A). These results are 

verified by the metallographic analysis of the sample that shows no formation of martensite 

and possible retained austenite. In this diffractogram, other peaks of lower intensity can also 
be observed. These peaks are associated with Cr, Ni and Mo sulfides. At 1300 °C the samples 

present the peaks of the martensitic phase (A) and other small peaks identified as sulfides. 
These sulfides peaks differ of the peaks found at lower temperatures, which suggests that the 

raise of the temperature causes the formation of other sulfides, different in composition or 
stoichiometry or both. It’s also possible to visualize that the sulfides peaks existent in the 

samples with MoS2 are not present in the samples of the steel 17-4 PH sintered without 

lubricant (light grey patterns in Fig. 3). These peaks are sulfides, but not molybdenum sulfide, 
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once the most intense peak of this phase is not present at any temperature above 650 °C, 

suggesting that the MoS2 has decomposed, forming other sulfides.  

The results of XRD analysis of the sintered samples showed XRD patterns composed by a 
variety of peaks, most of them coincident for the diverse phases, which recommend not affirm 

the presence or absence of some. The samples sintered at 900, 1150 and 1300ºC present the 
ferrite and/or austenite phase with peaks displacement, indicating a structure distortion, owed 

to, probably, a solid solution of some element into the matrix [21]. They may also contain Ni, 
Cr and Fe sulfides and for the sample sintered at 1300°C, Cu complex sulfides, in agreement 

with previous results related in other studies [11,16,17,20,22,23]. Through the joining of the 
results of EDAX and XRD, it is believed that, in the sample sintered at 1150 °C, occurs the 

formation of chromium sulfide, with decomposition of molybdenum disulfide, or further the 

formation of nickel and iron sulfides. Analyzing the Ellingham diagram for sulfides (Thomas 
B. Reed, Free energy of formation of binary compounds, MIT Press, Cambridge, MA, 1971), 

it can be verified that the Ni sulfide has a bigger stability than the Fe sulfide, for the 
processing temperatures, which suggests the preferential formation of the first one. Still in the 

diagram, it can be seem that for temperatures higher than 1100°C the iron sulfide becomes 
more stable than the molybdenum disulfide, with the decomposition of MoS2 and formation 

of the iron sulfide. Previous studies confirm that [23]. For iron alloys with MoS2 addition, the 
temperature which is attributed the formation of iron sulfide is 700-900 ºC, the earliest 

forming a non-stoichiometric iron sulfide (Fe3S4) which later transforms into FeS [10,23]. 

Summary 

I. The samples of 17-4 PH with 10% in volume of lubricant MoS2 have presented diverse 

microstructures and phases according to the different sintering temperature employed. 

II. For the sample sintered at 650 ºC, the MoS2 remain stable, according to the XRD 

analysis result.  

III. In the case of samples sintered at 750, 900, 1500 and 1300 ºC, the MoS2 does not remain 

stable, apparently decomposing with the diffusion of the molybdenum into the matrix or 

being isolated in particles with high value of Mo and Cr and the sulfur forming other 

sulfides, mostly Cr, Ni, Fe and/or complex sulfides. 
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