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Abstract Diﬀerent iron–chromium alloys (4, 8, 13 and 20 wt.%Cr) were nitrided in a NH3/H2 gas mixture at 580 °C for various times. The nitrided microstructure was characterized by X-ray diﬀraction, light microscopy and hardness measurements. Composition depth proﬁles of the nitrided zone were determined by electron-probe microanalysis. Residual stress–depth proﬁles of the nitrided specimens were measured using the (X-ray) diﬀraction sin2 w method in combination with cumulative sublayer removals and correction for corresponding stress relaxations. Unusual, nonmonotonous changes of stress with depth could be related to the microstructure of the nitrided zone. A model description of the evolution of the residual stress as function of depth and nitriding time was given. Ó 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. Keywords: Nitrides; Iron alloys; Residual stresses; Discontinuous coarsening



1. Introduction Residual stresses are self-equilibrating stresses existing in materials at uniform temperature and without external loading [1]. Residual stresses often arise in materials during processing steps, such as heat treatment or machining [2]. One of the most important and widely used thermochemical surface treatments to bring about a beneﬁcial state of residual stress is nitriding, in particular nitriding of iron and iron-based alloys. Nitriding is used to improve the tribological, anti-corrosion and/or fatigue properties of iron and iron-based alloys [3–5]. The nitriding process involves the inward diﬀusion of nitrogen provided by a surrounding, nitrogen-containing atmosphere. In this project gas *
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nitriding has been applied: ammonia gas dissociates at the surface of the iron-based alloy at temperatures in the range 450–590 °C and the thereby produced nitrogen enters the material through its surface. As a result of the nitriding process a nitrided zone develops, which, depending on the nitriding conditions [6–8], can usually be subdivided into a compound layer adjacent to the surface, composed of iron nitrides [9]; and a diﬀusion zone, beneath the compound layer [10]. In the diﬀusion zone nitrogen can be dissolved (i.e. present on (a fraction of) the octahedral sites of the ferrite lattice) or precipitated as internal nitrides MeNx, if nitride-forming elements (Ti, Al, V, Cr) are present [11– 13]. The improvement of the tribological and anti-corrosion properties can be mainly attributed to the compound layer at the surface of the specimen [14], while enhancement of the fatigue properties is ascribed to the diﬀusion zone [15]. Nitriding leads to the generation of pronounced residual internal stresses in the diﬀusion zone [16]. The origins of residual stresses have been ascribed to compositional changes, thermal eﬀects, lattice defects and the formation
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of precipitates [17]. Residual stresses have a crucial inﬂuence on the (mechanical) properties of nitrided specimens. This holds particularly for the fatigue properties: the presence of compressive residual stresses parallel to the surface in the surface-adjacent regions of the specimen can prevent crack initiation and crack growth [1,16]. An increase in the fatigue limit of around 90% was found for nitrided, unnotched workpieces, in comparison with unnitrided specimens; for notched workpieces the enhancement of the fatigue resistance can (even) be much larger [17]. Hence, fundamental understanding of the development of the state of residual (internal) stress during nitriding is of cardinal importance for technological applications of nitrided components. Chromium is often used as an alloying element in nitriding steels because of its relatively strong nitrogen–chromium interaction [16]. During the nitriding process, initially sub-microscopical, coherent CrN precipitates develop, which is associated with the occurrence of a relatively high hardness. This high hardness is a consequence of the strain ﬁelds surrounding the precipitates, which are induced by the misﬁt between the CrN particles and the ferrite matrix, and hinder the movement of dislocations [11]. Upon continued nitriding, coarsening of the CrN particles already formed occurs, which is associated with loss of coherency, a decrease of the misﬁt strain energy and CrN/ferrite interfacial area and loss of nitrogen supersaturation [11–13,16,18]. The coarsening process can occur in two ways: (i) ‘‘continuous coarsening” implies the growth of larger particles at the cost of the smaller ones; (ii) ‘‘discontinuous coarsening” involves the development of a lamellar structure consisting of alternate ferrite and CrN lamellae. Both reactions can occur simultaneously and lead to a decrease of hardness and disappearance of long-range strain ﬁelds, eﬀects that are particularly pronounced for the lamellar microstructure [12,13,19]. The mechanism of coarsening in the nitrided zone depends on the chromium content of the alloy. In the concentration range 0– 2 wt.%Cr mainly the continuous coarsening takes place; in the range 2–10 wt.%Cr a mixture of both mechanisms can be observed; above 10 wt.%Cr only discontinuous coarsening can be observed [12,19]. Although some work on the development of stresses in nitrided iron-based alloys has been performed [14,20–22], fundamental knowledge of the relation between the development of residual stress and the microstructure (precipitation morphology) of nitrided, in particular chromium-alloyed, iron-based alloys is lacking. This work is intended to describe and to provide an explanation for the complicated residual stress–depth proﬁles which develop upon nitriding of iron– chromium alloys.
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99.98 wt.% and pure Cr with a purity of 99.999 vol.% by melting in an inductive furnace. The alloy melts were cast into cylindrical moulds of 10 mm Ø, 80–100 mm length. The ingots were cut in pieces. Each piece was rolled down to sheets of about 1.1 mm thickness. The sheets were subsequently machined down to 1 mm thickness, in order to achieve a ﬂat surface. From these sheets rectangular specimens (10  20 mm2) were cut. Next the specimens were ground and polished to remove the grooves on the surface resulting from the machining process using specially devised specimen holders (see Section 2.7), cleaned using ethanol in an ultrasonic bath, and then encapsulated in a quartz tube under an inert atmosphere (Ar, 300 mbar). Subsequently, the specimens were annealed at 700 °C during 2 h, during which full recrystallization of the specimens was realized. 2.2. Nitriding The specimens were suspended at a quartz ﬁbre in a vertical quartz tube nitriding furnace. The nitriding atmosphere consisted of a mixture of pure NH3 (>99.998 vol.%) and H2 (99.999 vol.%). The ﬂuxes of both gases were regulated with mass ﬂow controllers. Specimens of all alloys were nitrided at T = 580 °C using a nitriding potential [7] rN = 0.104 atm1/2; besides, an extra specimen of Fe–20 wt.%Cr was nitrided at T = 580 °C using a nitrided potential rN = 0.043 atm1/2. Under these conditions no iron nitrides are formed. Specimens of Fe– 4 wt.%Cr were nitrided for 1.5 and 6 h; specimens of Fe–8 wt.%Cr were nitrided for 1.5, 6 and 24 h; specimens of Fe–13 wt.%Cr were nitrided for 6 and 24 h, and the specimens of Fe–20 wt.%Cr were nitrided for 24 h. After nitriding, the specimens were quenched in water and cleaned ultrasonically in an ethanol bath. The nitrided specimens were subjected to X-ray diﬀraction experiments for phase identiﬁcation (see Section 2.3). Next, pieces were cut from the specimens for cross-sectional analysis. To embed the specimens, Polyfast, a conductive, polymerbased embedding material, was used. Subsequently the cross-sections were ground and polished down to 1 lm diamond paste. For the light optical microscopy investigations the polished cross-sections were etched with Nital (HNO3 dissolved in ethanol) using diﬀerent HNO3 concentrations depending on the alloy (Nital 1% for Fe–4 wt.%Cr, Nital 2.5% for Fe–8 wt.%Cr and Fe–13 wt.%Cr, and Nital 4% for Fe–20 wt.%Cr). Specimens used for electron-probe microanalysis (see Section 2.5) were only ground and polished. 2.3. Phase characterization using X-ray diﬀraction (XRD)



2. Experimental procedures and data evaluation 2.1. Specimen preparation Iron alloys with 4 wt.%, 8 wt.%, 13 wt.% and Fe– 20 wt.%Cr were prepared of pure iron with a purity of



Phase analysis of the nitrided specimens was performed by means of XRD using a Siemens D500 diﬀractometer (Bragg–Brentano conﬁguration), equipped with a Cu tube and a graphite monochromator in the diﬀracted beam ˚ ). The diﬀraction angle, (Cu Ka radiation: k = 1.54056 A
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2h, in the range 10° 6 2h 6 140° was scanned with a step size of 0.04° in 2h. Phase identiﬁcation was performed comparing the position of the measured peaks with the data derived from the JCPDS data base [23] and the software Carine, based on data from Pearson [24]. 2.4. Microscopy The cross-sections were investigated with light optical microscopy using a Leica DMRM microscope. The micrographs were recorded with a digital camera (Jenoptik Progress 3008). 2.5. Electron-probe microanalysis (EPMA) To determine the composition–depth proﬁles in the nitrided zones EPMA was performed using a Cameca SX100 instrument. A focused electron beam at an accelerating voltage of 15 kV and a current of 100 nA was applied. The iron, chromium, nitrogen and oxygen contents in the specimen cross-section were determined from the intensity of the characteristic Fe Kb, Cr Kb, N Ka and O Ka X-ray emission peaks at points along lines (4–5) across the crosssections (single measurement points at a distance of 2 or 3 lm, depending on the specimen). The intensities obtained for the nitrided specimens were divided by the intensities obtained from standard specimens of pure Fe (Fe Kb), pure Cr (Cr Kb), andradite/Ca3Fe2(SiO4)3 (O Ka) and c0 Fe4N (N Ka). Concentration values were calculated from the intensity ratios applying the U (qz) approach according to Pouchou and Pichoir [25]. 2.6. Hardness measurements Hardness measurements using Vicker’s method were performed using a Leica VHMT MOT device, applying a load of 50 g and a loading time of 30 s. At least two to four hardness–depth proﬁles were measured for each specimen; the hardness–depth proﬁles were measured, on the specimen cross-sections, at a certain inclination angle (between 30° and 45°) with respect to the surface to improve the depth resolution. The distance between the hardness indents amounts to 10–25 lm, depending on the actual size of the indent (as determined by the local microstructure of the nitrided zone), such distance is suﬃcient to avoid overlap of the plastically deformed zones surrounding the indents. The obtained hardness data are shown as a function of the distance from the surface of the nitrided specimens. 2.7. Determination of residual stress–depth proﬁles using XRD The residual stress–depth proﬁles of the diﬀerent nitrided specimens were determined by means of XRD, using the sin2 w method [2,26,27], in combination with sublayer removal. In the traditional sin2 w method the speci-



men is tilted at diﬀerent angles (i.e. the direction of the diﬀraction vector is varied with respect to the specimen surface normal) and (partial) diﬀractograms, around a particular reﬂection, are recorded. When a state of (residual) stress is present in the specimen, the peak position of the reﬂection studied is diﬀerent for diﬀerent angles of tilt. Then, using Bragg’s law and applying continuum mechanics, it is in principle possible to calculate the state of residual stress in the specimen. For the traditional X-ray diﬀraction methods to measure residual stress, the tilting of the specimen implies that the penetration depth changes in dependence on the angle of specimen tilt. This dependence of penetration depth on angle of tilt can lead to inaccurate assessment of residual stress values if stress– and/or composition–depth proﬁles occur within the probed depth range in the specimen under study [28,29]. Therefore, a method that allows to measure at constant penetration depth is crucial for the accurate determination of the stress–depth proﬁles. In order to measure at constant penetration depth, a modiﬁcation of the traditional sin2 w method was adopted here, which consists of combining speciﬁc tilting and rotating angles of the specimen during the diﬀraction stress analysis. A comprehensive description of this method can be found in Ref. [30]. A Philips MRD diﬀractometer, equipped with an Eulerian cradle, a graphite monochromator in the diﬀracted beam and a Cu X-ray tube (Cu Ka radiation, ˚ ), was employed to record the Fe-{2 1 1} k = 1.54056 A reﬂections. Measurements were performed for tilt angles w in the range 34° 6 w 6 66° in steps of 4°, which implies the incorporation of nine points in the sin2 w plot (see further below). The lattice strains were calculated from the peak position of the Fe-{2 1 1} reﬂection. Texture (pole ﬁgure) measurements performed in this work, using the Fe{2 1 1} reﬂection, revealed that the specimens possess a weak rotationally symmetric (with respect to the surface normal) texture, implying that at each value of tilt angle w suﬃcient diﬀracted intensity is generated. For a macroscopically isotropic specimen, and under the supposition of a plane, rotationally symmetric state of mechanical stress, the lattice strain is independent of the angle of rotation u (the rotation angle around the sample surface normal) and the stress parallel to the surface hrSk i can be calculated using Ref. [27]: 1 hkl 2 hkl S ehkl w ¼ ð2S 1 þ S 2 sin wÞhrk i 2



ð1Þ



where ehkl w is the lattice strain in the direction of the diﬀraction vector pertaining to the angle w (the inclination angle of the diﬀraction vector with respect to the sample surface 1 hkl normal), S hkl 1 and 2 S 2 are the h k l-dependent X-ray elastic constants, which are independent of u and w and hrSk i is the stress parallel to the surface of the specimen. If the state of stress and strain is independent of position in the volume sampled, the equations of mechanical equilibrium require that r13 = r23 = r33 = 0 [31], and if the strain imposed on a plane parallel to the surface is isotropic
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it also holds that r12 = 0 [32], leaving only r11 and r22 (here r11 = r22 = r||), as the (principal) stress components parallel to the surface (see, e.g., Ref. [32]). This is the line of thought followed in this paper. Even in the case that a second phase, CrN, is present and diﬀracts incoherently with the matrix, it has been shown in this work that the same state of stress prevails in both ferrite matrix and nitride precipitates with similar values for the stress components (see at the end of Section 3.5). The lattice strain is calculated from the measured lattice spacing d hkl w according to: ehkl w ¼



hkl d hkl w  d0



d hkl 0



ð2Þ



where d hkl is the strain-free lattice spacing, which is ob0 2 2 tained by interpolation in the d hkl w –sin w plot at the sin w hkl value calculated by setting ew ¼ 0 in Eq. (1). The stress hrSk i can now be calculated from the slope of the straight line drawn through the data (least squares ﬁtting) in a plot of the lattice strain versus sin2 w. The value 1 of 12 S hkl 2 (6.21 T Pa ) was calculated using the experimentally determined bulk elastic constants of ferrite listed in Ref. [2]. Error bars were calculated taking into account the standard deviation obtained for the slope of the straight line in the lattice strain versus sin2 w plot. In order to measure the residual stress as function of depth, sublayers were removed consecutively by polishing in a controlled way. To this end, special specimen holders for each individual specimen were fabricated. The specimen was placed in a rectangular cavity, specially machined such so that it is slightly wider than the specimen. At the bottom of the cavity there is a magnet, used to ﬁx the specimen in the holder. The purpose of designing such specimen holders was to fasten the specimen, assuring that it remains ﬂat, and to achieve homogeneous removal of material during the subsequent polishing procedure. The thickness of the specimens was measured at the center point of the specimen using a special caliper, so that the thickness of the sublayer removed could be calculated. The polishing steps were performed using a TegraPol-35 automatic polishing and grinding machine from Struers; several specimens could be polished simultaneously. The polishing procedure was as follows: 1. Polishing using 1 lm diamond powder solution; 2. the last 2 or 3 lm before reaching the aimed for specimen thickness, were polished down using 0.25 lm diamond powder solution; 3. etching with Nital 0.5% during 1 min removing up to 1 lm of material (to remove any material that might have experienced plastic deformation by polishing); 4. specimen thickness measurement. Before a diﬀraction stress analysis was performed, the specimen was cleaned in an ultrasonic bath with ethanol. When stressed layers are removed from a specimen, the stress in the remaining material relaxes to a new equilib-
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rium conﬁguration. Therefore, all stress values measured upon successive sublayer removals must be corrected for such stress relaxation in order to obtain the true stress– depth proﬁle that existed in the specimen before the sublayers were removed (for details concerning the correction method, see Appendix A). 3. Results and discussion 3.1. Phase analysis Diﬀractograms recorded after nitriding reveal that the region adjacent to the surface of the nitrided zones of all specimens is composed of a-Fe and CrN (e.g. see Fig. 1a–d); penetration depth of the Cu Ka radiation is 1–2 lm). 3.2. Morphology of the nitrided zone; two types of precipitation morphology The nitrided specimens can be divided in two groups, according to the morphology observed in the light optical examination (cf. Section 1). The ﬁrst group consists of nitrided specimens of relatively low chromium content (Fe–4 wt.%Cr and Fe–8 wt.%Cr alloys). These specimens exhibit near the surface dark grains with a lamellar morphology (a-Fe/CrN lamellae) and below this region mainly bright grains are observed (see Figs. 5b, 6b, d and f). The second group of specimens consists of nitrided specimens of relatively high chromium content (Fe–13 wt.%Cr and Fe–20 wt.%Cr alloys); the entire nitrided zones of these specimens are composed of dark grains showing a lamellar morphology (see Figs. 7b, d and 8b). 3.3. Hardness–depth proﬁles The hardness characteristics of the nitrided zone of specimens with relatively low chromium content are similar: near the surface, in regions where mainly discontinuously coarsened grains are present, the hardness is relatively low; whereas at larger depths, where mainly continuous, sub-microscopical CrN particles are present (cf. Section 1), the hardness is relatively high. The transition between the small hardness regime to the high hardness regime takes place over a relatively short distance; see Fig. 2. On the other hand, an almost continuous decrease of hardness, from the surface to the transition nitrided zone/unnitrided core, occurs in the case of specimens of relatively high chromium content; see Fig. 3. There appears to be no indication of the presence of continuous precipitates (in the bottom part of the nitrided zone): cf. hardness values in Figs. 2 and 3. The decrease of the hardness from the surface towards the interface of the nitrided zone to the unnitrided core of the specimen can be ascribed to the variation of the interlamellar spacing (from small to large) across the nitrided zone [19].
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Fig. 1. Selected X-ray diﬀractograms recorded at the surface of specimens of iron–chromium alloys nitrided at 580 °C. After nitriding, the nitrided zones of all specimens are composed of a-Fe and CrN (the penetration depth pertaining to the diﬀractograms is 1–2 lm; cf. Section 2.5). (a) Specimen of Fe– 4 wt.%Cr alloy nitrided for 1.5 h and rN = 0.104 atm1/2; (b) specimen of Fe–8 wt.%Cr alloy nitrided for 1.5 h and rN = 0.104 atm1/2; (c) specimen of Fe– 13 wt.%Cr alloy nitrided for 6 h and rN = 0.104 atm1/2; (d) specimen of Fe–20 wt.%Cr alloy nitrided for 24 h and rN = 0.043 atm1/2. 1200
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depth (μm) Fig. 2. Hardness–depth proﬁle of a specimen of Fe–8 wt.%Cr nitrided for 6 h at 580 °C and rN = 0.104 atm1/2, with a nitrided zone consisting of grains transformed by the discontinuous coarsening reaction (surface region) and grains containing coherent, sub-microscopical CrN precipitates (near the nitrided zone/unnitrided core transition).



3.4. Nitrogen concentration–depth proﬁles Nitrogen concentration–depth proﬁles, as measured by EPMA, are shown in Fig. 4 for nitrided alloys of diﬀerent
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depth (μm) Fig. 3. Hardness–depth proﬁle of a specimen of Fe–20 wt.%Cr nitrided for 24 h at 580 °C and rN = 0.043 atm1/2. The nitrided zone is composed wholly of grains which have experienced the discontinuous coarsening reaction.



chromium content (and diﬀerent precipitation morphology, cf. Section 3.2). The square data points represent the measured total amounts of nitrogen. The ‘‘normal” nitrogen content (deﬁned as the equilibrium nitrogen content dissolved at interstitial sites in an unstressed ferrite matrix,
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Fig. 4. Nitrogen concentration–depth proﬁles (EPMA measurements). (a) Fe–4 wt.%Cr alloy nitrided for 1.5 h (proﬁle representative of alloys with low chromium content); (b) Fe–13 wt.%Cr alloy nitrided for 6 h (proﬁle representative of alloys with high chromium content). Both specimens were nitrided at 580 °C and rN = 0.104 atm1/2. The horizontal dashed lines indicate the ‘‘normal” nitrogen uptake.



Table 1 Excess nitrogen contents, [N]exc, (derived from EPMA measurements) in the nitrided zone near the surface of the specimens of diﬀerent chromium content and nitrided for various times at 580 °C, rN = 0.104 atm1/2 Alloy



Fe–4 wt.%Cr



Nitriding time (h) [N]nor (at.%) [N]exc (at.%)



1.5 4.4 0.9



Fe–8 wt.%Cr 6 4.4 0.6



1.5 8.2 1.6



Fe–13 wt.%Cr 6 8.2 1.3



24 8.3 1.1



6 12.6 2.1



Fe–20 wt.%Cr 24 12.4 1.9



24 17.6 3.2



[N]nor is the equilibrium nitrogen content dissolved at interstitial sites in an unstressed ferrite matrix, plus the nitrogen incorporated in stoichiometric CrN; [N]exc is the diﬀerence between the total nitrogen in the surface region of the specimen, as measured by EPMA, and [N]nor.



plus the nitrogen incorporated in stoichiometric CrN) has been indicated by the horizontal dashed line. The positive diﬀerence between the square data points and the dashed line represents the amount of ‘‘excess nitrogen” [33]. The nitriding potential of the gas atmosphere determines the equilibrium amount of nitrogen dissolved in ferrite. Only the surface adjacent region of the solid substrate can be in (local) equilibrium with the outer gas atmosphere. Therefore, the amount of excess nitrogen, [N]exc, was calculated taking the average value of the three ﬁrst measurements of nitrogen content near the surface of the specimens, [N]tot, using the following relation: 0



½Nexc ¼ ½Ntot  ½NCrN  ½Na



ð3Þ



where [N]CrN is the amount of nitrogen incorporated in the stoichiometric CrN (assuming that all chromium precipi0 tates to form CrN2) and ½Na is the equilibrium value of 0 nitrogen dissolved in stress-free ferrite (½Na = 0.4 at.% at 580 °C [35]). The results have been gathered in Table 1. All nitrogen concentration–depth proﬁles reveal the existence of a signiﬁcant gradient of nitrogen concentration in the nitrided zone; the nitrogen concentration decreases



2



This composition of the precipitates has been corroborated by denitriding experiments performed by our group in a project to determine the absorption isotherms of nitrided Fe–20 wt.%Cr alloys [34].



from the surface to the transition nitrided zone/unnitrided core (see Fig. 4). 3.5. Residual stress–depth proﬁles The residual stress–depth proﬁle of a specimen of relatively low chromium content alloy (Fe–4 wt.%Cr alloy nitrided for 1.5 h at 580 °C) is presented in Fig. 5a. The stress (parallel to the surface) decreases from the surface towards the unnitrided core. Tensile stresses occur in the region where mainly discontinuously transformed grains are present; compressive stresses occur in the region where coherent nitrides are the predominant type of precipitation. A maximum compressive stress of 680 MPa was measured near the transition nitrided zone/unnitrided core. Beyond the transition nitrided zone/unnitrided core, the stress increases and eventually becomes tensile. The residual stress–depth proﬁles of specimens of Fe– 8 wt.%Cr alloy nitrided for 1.5, 6 and 24 h at 580 °C are shown in Fig. 6a, c and e, respectively. The residual stress–depth proﬁle of the specimen nitrided for 1.5 h indicates the existence of compressive stresses across the whole nitrided zone, except at the specimen surface where a tensile stress (215 MPa) was measured. The maximum compressive stresses occur in the bottom part of the nitrided zone, where grains with sub-microscopical, coherent precipitates are present. A low tensile stress prevails in the
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depth (μm) Fig. 5. (a) Residual stress–depth proﬁle measured for a specimen of Fe–4 wt.%Cr alloy nitrided for 1.5 h at 580 °C and rN = 0.104 atm1/2; (b) corresponding light optical micrograph of the nitrided zone. Zone I corresponds to the region where discontinuously coarsened grains are predominant; zone II corresponds to the region where continuous precipitates are predominant.



unnitrided core close to the nitrided zone/unnitrided core transition. The stress–depth proﬁles of the specimens nitrided for 6 and 24 h show that in the nitrided zone a zone I has developed, with mainly discontinuously coarsened grains and exhibiting tensile stresses. In zone II, where a signiﬁcant part of the grains contains sub-microscopical, coherent CrN precipitates, the stress decreases and becomes eventually compressive, reaching a minimum (maximum compressive stress) at the transition nitriding zone/unnitrided core. Beyond the transition nitrided zone/unnitrided core, the stress increases and eventually becomes tensile. The residual stress–depth proﬁles obtained for specimens of relatively high chromium content alloys (Fe–13 wt.%Cr nitrided for 6 and 24 h, see Fig. 7a and c) show that there are mainly compressive stresses parallel to the surface in the nitrided zone. In the specimen of Fe–13 wt.%Cr nitrided for 6 h (see Fig. 7a) the compressive stress has (again) a maximum near the transition nitrided zone/unnitrided core. Near the surface the compressive stresses are of relatively moderate value. At the surface a tensile stress was measured. The last statement also holds for the specimen of Fe–13 wt.%Cr nitrided for 24 h (see Fig. 7c). In this case the maximum compressive stress occurs just beneath the surface; for larger depths the compressive stress decreases gradually, and the stress becomes eventually tensile near the transition nitrided zone/unnitrided core. The residual stress–depth proﬁle obtained for the specimen of Fe–20 wt.%Cr alloy nitrided for 24 h (see Fig. 8a) shows that tensile stresses occur in a surface adjacent layer, followed by moderate compressive stresses over the remainder of the nitrided zone. It may be thought that, for an inﬁnitely sharp interface between the nitrided zone and the unnitrided core, removal of the entire nitrided zone should lead to a state of measured zero stress in the remaining unnitrided core. However, the sublayer removals have only been performed on one side of the specimen; the nitrided zone at the other side



is still there, inﬂuencing the state of stress in the unnitrided core. Note that the thicknesses of the whole specimens range between 700 and 1000 lm. Further, an inﬁnitely sharp interface between the nitrided zone and the unnitrided core does not occur for, in any case, the low chromium content specimens. The residual stress–depth proﬁles presented above were measured for the ferrite (matrix) phase and taken as representative for the planar state of mechanical stress in the surface region of the specimen. This supposition could be supported in this work by separate measurement of the stress in the CrN phase. To this end the CrN-{3 1 1} reﬂection was employed in a sin2 w procedure similar to the one described in Section 2.7. Measurements were performed at the surface of a specimen of Fe–20 wt.%Cr nitrided for 24 h at 580 °C and rN = 0.104 atm1/2. The residual stress measured for the CrN phase is 146 MPa, which, in view of the uncertainty inherent to the values of the X-ray elastic constants used (cf. Section 2.7), indeed is practically the same value as measured for the ferrite phase (165 MPa; cf. Fig. 8a), which validates the above supposition. 4. General discussion; the build up and relaxation of residual stress To interpret the dependences of the residual stress in the nitrided zone on depth (beneath the surface) and nitriding time, it is necessary ﬁrst to provide an understanding for the microstructural development of the nitrided zone. The microstructural development of the nitrided zone is governed by two processes occurring at diﬀerent rates: (i) The growth of the nitriding zone. In the most simple case the nitriding depth is proportional with (a) (nitriding time)1/2 and with (b) (dissolved chromium concentration)1 [36,37], and thus the rate of growth of the nitrided zone decreases with increasing time and with increasing chromium content.
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depth (μm) Fig. 6. (a) Residual stress–depth proﬁle measured for a specimen of Fe–8 wt.%Cr alloy nitrided for 1.5 h; (b) corresponding light optical micrograph of the nitrided zone, which in this case is composed mainly of discontinuously coarsened grains, continuous precipitates are present at the transition between the nitrided zone and the unnitrided core; (c) residual stress–depth proﬁle measured for a specimen of Fe–8 wt.%Cr alloy nitrided for 6 h; (d) corresponding light optical micrograph of the nitrided zone (zone I corresponds to the region where discontinuously coarsened grains are predominant; zone II corresponds to the region where continuous precipitates are predominant); (e) residual stress–depth proﬁle measured for a specimen of Fe–8 wt.%Cr alloy nitrided for 24 h; (f) corresponding light optical micrograph of the nitrided zone (zone I corresponds to the region where discontinuously coarsened grains are predominant; zone II corresponds to the region where continuous precipitates are predominant). All specimens were nitrided at 580 °C and rN = 0.104 atm1/2.



(ii) The growth of the discontinuously coarsened region. Discontinuous coarsening is an aging process occurring during nitriding in the nitrided zone. Obviously the discontinuous coarsening proceeds from the oldest part of the nitrided zone (the surface) to the youn-



gest part of the nitrided zone (transition nitrided zone/unnitrided core). The rate of growth of the discontinuously coarsened region is largely independent of the chromium content of the alloy (or even increases with chromium content, see below).
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Now, whereas the growth rate of the discontinuously coarsened region can be smaller than the nitriding rate for the (beginning of) nitriding in alloys with low chromium content (cf. Fig. 5b), it is conceivable that at (suﬃciently) high chromium content the growth rate of the discontinuously coarsened region is equal to or larger than



the nitriding rate (see point (i) above). Thus it can be understood that in nitrided alloys with high chromium content the entire nitrided zone has experienced the discontinuous coarsening reaction (cf. Figs. 7b, d and Fig. 8b). Moreover, the nitrogen supersaturation (see data concerning ‘‘excess nitrogen”, [N]exc, in Table 1) increases with
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chromium content, which can be expected to speed up the rate of discontinuous coarsening. The residual stress–depth proﬁles determined for nitrided specimens of low chromium content alloys (Fe–4 wt.%Cr and Fe–8 wt.%Cr alloys) exhibit similar features: compressive stress occurs in the bottom part of the nitrided zone where sub-microscopical, coherent nitrides are predominant, whereas tensile stress occurs in the region near the surface, which is the oldest part
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of the nitrided zone and where discontinuously coarsened grains prevail. To understand the measured residual stress–depth proﬁles in specimens of low chromium content the following model is proposed: (a) During the ﬁrst stage of nitriding iron–chromium alloys, CrN precipitates as coherent, sub-microscopical particles. Due to the mismatch of the lattices of



Fig. 9. Schematic representation of stress development upon nitriding of specimens with low chromium content. (a) First stage of nitriding: precipitation of coherent nitrides occurs, which tends to expand the nitrided layer, but this expansion is opposed by the unnitrided core and development of compressive residual stress parallel to the surface occurs within the nitrided layer; only coherent nitrides are present at this stage. (b) Upon continued nitriding, discontinuous coarsening takes place: the coherent, sub-microscopical CrN precipitates in the supersaturated ferrite matrix are replaced by incoherent, relatively large a-Fe/CrN lamellar colonies under simultaneous (partial) relaxation of compressive stress in the discontinuously coarsened region. The relaxation may be complete near the surface; moderate levels of compressive stress may be maintained at some depth from the surface. Upon further nitriding, coherent, sub-microscopical CrN precipitates are formed in the bottom part of the nitrided zone, generating compressive stress at this location (ﬁnely dotted area in (b); see also (a)). Preservation of mechanical equilibrium requires the generation of a tensile stress contribution in the already discontinuously coarsened upper part of the nitrided zone, and of tensile stress in the unnitrided core adjacent to the nitrided zone. (c) In an advanced stage of nitriding, the development of pronounced compressive stress at relatively large depth where coherent, sub-microscopical nitrides occur will lead to (according to the mechanism described under (b)) the development of a residual stress–depth proﬁle characterized by tensile stress in the surface adjacent layer and moderate compressive stresses in the region beneath it, followed by tensile stress in the region adjacent to the transition between the discontinuously coarsened region and the coherent precipitates region.
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ferrite and CrN, the precipitation of nitride particles tends to expand (laterally) the nitrided zone, which is opposed by the unnitrided core, and as a result a compressive residual (macro-) stress, parallel to the surface, is generated in the ferrite matrix of the nitrided zone (see Fig. 9a). (b) Upon the occurrence of discontinuous coarsening, the coherent, sub-microscopical CrN precipitates are replaced by incoherent, relatively large CrN lamellae. At the same time, relaxation of the (initial) compressive stress occurs in the part of the nitrided zone which experiences the discontinuous coarsening reaction. This relaxation can be most pronounced near the surface as there expansion perpendicular to the ‘‘free” surface can occur, implying that moderate levels of compressive stress can be maintained at some depth from the surface in the region where discontinuous coarsening occurred. Then, upon continued nitriding, coherent, sub-microscopical CrN particles are formed at larger depths beneath the surface (see the ﬁnely dotted area in Fig. 9b), i.e. at the transition nitrided zone/unnitrided core. Consequently, compressive stress develops in this region, as explained in (a). Then, as a consequence of the requirement of mechanical equilibrium of the specimen (cf. Figs. 5a and 6a; see also Fig. 9b): – a tensile stress contribution is generated in the surface-adjacent regions of the nitrided zone, and – a tensile stress arises in the unnitrided core in regions adjacent to the transition nitrided zone/ unnitrided core. On the above basis, the evolution with nitriding time of the residual stress proﬁle of specimens exhibiting a nitrided zone composed of a discontinuously coarsened region



(zone I in Figs. 5b, 6d and f) and a region where largely only coherent, sub-microscopical nitrided occur (zone II in Figs. 5b, 6d and f) can be discussed. In an advanced stage of nitriding, the emergence of pronounced (cf. Fig. 6c and e) compressive stress in the region (at pronounced depths) where (largely) only coherent, sub-microscopical nitrides occur, can be compensated, because of the requirement of mechanical equilibrium, by tensile stresses in the regions (especially) immediately above and immediately beneath (unnitrided core, see (c) above) this region. This picture may explain (see the sketch in Fig. 9c) the eventual development of a residual stress–depth proﬁle in zone I characterized by tensile stress in the surface adjacent region and moderate compressive stress in the region beneath it, followed by tensile stress in the region adjacent to zone II; see Fig. 6c and e. The entire nitrided zone of specimens of high chromium content (Fe–13 wt.%Cr and Fe–20 wt.%Cr alloys) has experienced the discontinuous coarsening reaction (the nitrided zone growth rate is smaller than the growth rate of the discontinuously coarsened zone (see (i) and (ii) above). As discussed under (b) above, the relaxation near the surface (upon discontinuous coarsening) can be most pronounced as the specimen at this location can expand ‘‘freely” in the direction perpendicular to the surface. Then, upon continued nitriding (see the coarsely hatched area in Fig. 10) it is likely for specimens of relatively high chromium content that residual stress proﬁles develop exhibiting a tensile stress near the surface and a (still, but relatively moderate) compressive stress in deeper parts of the nitrided zone (see Fig. 10 and cf. Figs. 7a and 8a). Indeed, the values of compressive stress occurring in the bottom parts of the nitrided zone are much larger if in these depth ranges coherent, sub-microscopical nitride precipitates are present, as compared to the presence of the dis-



Fig. 10. Schematic representation of stress development upon nitriding of specimens with high chromium content. For these alloys the growth rate of the discontinuously coarsened region is equal to or larger than the nitriding rate; the entire nitrided zone consists of a-Fe/CrN lamellar colonies. The relaxation upon discontinuous coarsening in the surface region is complete (expansion of the specimen perpendicular to the surface is possible), leading, upon continued nitriding (see the coarsely hatched area), to the occurrence of tensile stress in this region. The relaxation upon discontinuous coarsening in deeper parts of the nitrided zone is more constrained and (moderate) compressive stress values (still) occur there.
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continuously coarsened microstructure (cf. Fig. 6a for a Fe–4 wt.%Cr specimen and Fig. 8a for a Fe–20 wt.%Cr specimen). 5. Conclusions 1. Upon nitriding of iron-based iron–chromium alloys of low and high chromium content complex residual (macro) stress–depth proﬁles develop in the nitrided zone, which show a direct relation with gradients in the microstructure. 2. The microstructural development of the nitrided zone of iron–chromium alloys is governed by two processes occurring at diﬀerent rates: (1) the growth of the nitrided zone and (2) the growth of the discontinuously coarsened region. For iron–chromium alloys with low chromium content the growth rate of the discontinuously coarsened region can be smaller than the nitriding rate. Therefore the nitrided zone of these alloys consists of a discontinuously coarsened region adjacent to the surface of the specimen and a region with coherent, sub-microscopical CrN precipitates underneath. For iron–chromium alloys with suﬃciently high chromium content the growth rate of the discontinuously coarsened region is equal to or larger than the nitriding rate, and consequently the nitrided zone of these alloys is completely composed of discontinuously coarsened grains. 3. The occurrence of discontinuous coarsening is associated with (partial) relaxation of the (initial) compressive stress, most pronouncedly at the ‘‘free” surface. Upon continued nitriding of high chromium content alloys this leads to a residual stress–depth proﬁle exhibiting a tensile stress near the surface and a (still, but relatively moderate) compressive stress in deeper parts of the nitrided zone. 4. For low chromium content alloys, in an advanced stage of nitriding, the emergence of large compressive stress in the region (at pronounced depths) where mainly coher-
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ent, sub-microscopical nitrides occur, can be compensated by tensile stress contributions in the regions immediately above and immediately beneath (unnitrided core) this region. Consequently a residual stress–depth proﬁle develops characterized by two diﬀerent zones: zone I (region adjacent to the surface) with tensile stress in the surface adjacent region and moderate compressive stress in the region beneath it (cf. conclusion 3), followed by tensile stress in the region adjacent to zone II; and zone II where stress becomes more compressive with increasing depth. Acknowledgments The authors wish to thank Messrs J. Ko¨hler and Dipl.Ing. P. Kress for assistance with the nitriding experiments and Mrs. S. Haug for assistance with the EPMA experiments. Appendix A. Correction of the measured stress for stress relaxation upon removing layers from the nitrided specimen In order to trace the stress–depth proﬁle, consecutive sublayer removal was performed in steps, by means of polishing the specimen. Upon layer removal a redistribution of stress occurs in the specimen. Hence, it is necessary to correct the stress value measured upon sublayer removal for the relaxation due to the removal of the sublayer. A correction method can be proposed, assuming elastic relaxation only. For the case of a ﬂat plate, the following equation is used to correct the measured residual stress (see Fig. A.1) [38]: Z H Z H rm ðzÞdz rm ðzÞdz rðzi Þ ¼ rm ðzi Þ þ 2  6zj ðA:1Þ z z2 zi zi where rðzi Þ is the original residual stress in the specimen (without that any sublayer has been removed) at the distance zi to the bottom of the specimen; rm ðzi Þ is the mea-
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bottom: z = 0 Fig. A.1. Illustration of thickness parameters used in the procedure for correction of the stress relaxation upon sublayer removals; up to distance zi from the bottom of the specimen.
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sured stress at the distance zi to the bottom of the specimen (i.e. upon sublayer removal); rm ðzÞ is the function that describes the measured residual stress as a function of the distance z to the bottom of the specimen; and H is the total thickness of the specimen before any sublayer removal. As follows from Eq. (A.1), an expression for rm ðzÞ is needed, which is unknown a priori. Such a function can be determined once all the measurements have been ﬁnished. Here a ‘‘polygonal rm ðzÞ function” has been adopted, i.e. the consecutive data points in the measured stress–depth proﬁle have been connected by straight lines, consequently the ‘‘polygonal function” is a partitioned function, as follows: first segment : r1m ðzÞ ¼ a1 þ b1 z second segment : ith segment :



r2m ðzÞ



rim ðzÞ



¼ a2 þ b2 z



¼ ai þ bi z



H < z < H  z1 H  z1 < z < H  z2 H  zi1 < z < H  zi ðA:2Þ
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