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Abstract

:

High alloy white cast irons (WCI) play an important role in many industrial fields such as mining, cement industry, or grinding due to their high hardness and wear resistance. In all these processes, white cast iron components must work under erosion and abrasion conditions. Many investigations have been carried out with the aim of improving the mechanical properties of this type of alloys. Wear resistance depends on the mechanical properties, mainly hardness. Thus, the WCI are typically heat treated in order to modify its microstructure, improving its tribological and wear behavior. The aim of this study is to propose a mechanical surface treatment, shot peening, as an alternative to global heat treatments, due to its capacity to induce phase transformation and microstructural modification, at the same time that it improves the mechanical properties of materials. Characterization of different treated samples was performed by means of microstructural characterization, X-ray diffraction analysis, SEM observation, hardness and roughness measurements, and erosion tests. The results show that shot peening treatment is able to transform residual austenite and increase hardness in the top surface layer of the material. Both effects contribute to improve the erosion wear behavior of the WCI.
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1. Introduction


Cast irons have been used in industrial applications for several decades. This kind of materials were discovered in 1940 [1] and are defined as an iron alloy with a carbon content from 2.11% to 6.67% (commonly between 2.5% and 4.5%). Elements such as silicon, manganese, phosphorous, or sulfur are often present in their chemical composition [2]. Depending on the silicon content, cast irons are classified as white cast irons or grey cast irons, the latter having between 1% and 3% of silicon. In white cast irons, carbon appears in the form of cementite instead of graphite, as is the case in grey cast irons. Cementite makes white cast iron brittle and difficult to machine, but at the same time, it confers to the material an extreme hardness, which makes it interesting in erosion and abrasion wear applications. Hence, white cast irons are widely used in many wear resistant components such as grinding rods and balls, rock machining equipment, slurry pumps, brick dies, and mine equipment; that is the reason why they have a widespread use in mineral processing, cement production, and steel manufacturing industries [3,4,5,6,7,8,9,10].



Mechanical behavior of industrial components depends directly on the material’s microstructure which, at the same time, depends on its specific chemical composition. With the aim to improve some properties, certain elements are usually added. Chromium is one of the most commonly used in white cast irons, since it improves corrosion resistance and contributes to increasing hardness level.



High-chromium white cast irons are ferrous alloys containing 1.8–3.6% C and 11–30% Cr, with variable percentages of molybdenum, manganese, copper, and nickel [11]. White cast iron microstructure depends specifically on three factors: Chemical composition, cooling rate during the solidification stage, and cooling rate after the solidification. Generally, at the end of the solidification, the high-chromium white cast iron is composed by a primary phase (dentritic austenite) and a eutectic compound formed by austenite and K2 carbides (M7C3) and sometimes by small secondary carbides (K2 (M7C3)) and/or Kc carbides (M3C) [12,13].



Microstructural transformations during cooling depend on the cooling rate and the chemical composition of the cast iron [14,15]. Austenite (both dendrites and the eutectic compound), which is rich in carbon and chromium, can be transformed into martensite (usually partially), while eutectic carbides do not transform during cooling after solidification [16]. In addition, during the cooling stage and after the solidification process secondary carbides (smaller than eutectic ones) can precipitate in the austenitic/martensite matrix [17,18]. This usually occurs when the chromium content is greater than 15% [15]. In this case, the matrix constituent contains very hard precipitated secondary carbides Kc (M3C) (1200–1600 HV) [19], which confer better wear resistance to the material in comparison with cast iron with less amount of chromium. In this case, the constituent matrix does not contain this kind of secondary carbides [20,21,22,23].



Another important parameter that influences the wear resistance is the amount of residual austenite. Wear resistance improves when the amount of residual austenite decreases [24]. In general, martensitic structures are supposed to be more wear resistant than austenitic ones [25].



In order to modify cast iron microstructures, heat treatments are often used, being the transformation ratio and hardening response highly dependent on the treatment conditions and chemical composition of the alloy [8]. Properties can also be controlled and modified by means of heat treatments. These can modify hardness, microstructure morphology, precipitated carbides type, and their distribution in the matrix. In other words, it is necessary to apply heat treatments to modify microstructure, phases, morphology, and carbides distribution, since they optimize the final properties by improving the microstructure of the material [3].



On the other hand, some recent researches have demonstrated that mechanical treatments, besides improving mechanical behavior of materials, can even induce phase transformation [26]. Among these treatments, shot peening (SP) is a popular and extended mechanical surface treatment that consists on impacting the surface of metallic materials by a flow of shots, with enough kinetic energy to induce plastic deformation, introducing compressive residual stresses into the upper layer of the material, which contribute to the surface hardening of the material. These effects are useful to stop or prevent crack propagation [27,28] and contribute to improve fatigue [29,30,31,32,33,34,35], corrosion [35,36] and wear [36,37] behavior of components.



In this context and considering that high chromium cast irons are used for wear applications, it could be interesting to increase their hardness, and therefore their wear behavior.



The proposal of this research is to submit an 18% Cr white cast iron (one of the most common alloys used as wear parts in slurry transport, mining, minerals, and cement industries) [38] to a shot peening treatment. The aim is to increase its hardness and, at the same time, transforming the residual austenite in the upper layer of the material. In this case, it is possible to obtain a material with a reinforced upper layer that can be useful for applications where surface hardness is required.



The effect of this surface treatment will be compared with the effect of global heat treatments in terms of microstructure, phase composition (XRD analysis), hardness, and wear resistance, by means of erosion tests.




2. Material, Specimens, Treatments, Experimental Procedures, and Results


2.1. Material and Specimens


A total of 18% chromium white cast iron specimens (18%Cr-WCI) were cut from an ingot with a parallelepiped geometry of 10 × 10 × 80 mm3. The nominal chemical composition of the cast iron is presented in Table 1.



Specimens were austenitized at 1000 °C for 6 h and then air quenched. As this is the typical heat treatment applied to this white cast iron, it will be considered as the reference treatment in this study (18%Cr-WCI-Q).




2.2. Treatments


With the aim to modify the mechanical properties of the quenched material, different series of specimens were submitted to heat and mechanical (shot peening) treatments.



2.2.1. Heat Treatments


One series of specimens were submitted to a tempering treatment, at 500 °C for 8 h, and the other series were submitted to a double tempering treatment, 500 °C for 8 h each, in a carbolite oven (Carbolite Gero, Hope, United Kingdom). The double treatment is common in this kind of material in order to transform the residual austenite that has not been transformed during the first tempering treatment. These series will be referenced in the text as 18%Cr-WCI-T and 18%Cr-WCI-2T, respectively.




2.2.2. Shot Peening Treatment


With the idea of evaluating the possible transformation of the residual austenite by means of plastic deformation, as well as increasing the surface hardness, other series of samples were submitted to shot peening treatments, after being quenched and tempered at 1000 °C-1 h + air cooling.



The specimens were subjected to SP treatment using an air blast SP machine, GUYSON Euroblast 4 PF model with tank type G27, motorized cyclone type 75/16 and DC400 dust collector model, (Materias Primas Abrasivas, S.L., Barcelona, Spain) with an Almen Intensity of 10A, commonly used in the industry for hard metallic materials, and conventional coverage (100%). Almen Intensity and surface coverage are the most important measuring parameters of SP; these are directly related with the total kinetic energy of the process and influence the total accumulated plastic strain. SP parameters are shown in Table 2. This series will be referenced in the text as 18%Cr-WCI-SP.



Zirshot Y300 shots (Saint Gobain, Spain) were used in all peening treatments performed in this study. Chemical compositions and mechanical properties of shot peening projectiles presented in Table 3.



Table 4 summarizes the names of all the series and the treatment they were submitted to.





2.3. Optical Microscopy Analysis


To analyze microstructural changes after the different treatments, samples were metallographically prepared and observed by means of optical and electronic (SEM JEOL JSM 5600, Tokyo, Japan) microscopes. Some samples of each series were cross sectioned, impregnated in mounting resin, ground sequentially with a range of up to 1200 grit SiC sandpapers, subsequently polished using soft cloths with abrasive diamond paste (grain sizes of 6 µm and 1 µm), and finally etched with a 2% Nital solution.



Figure 1 shows the microstructures obtained from an optical analysis of 18%Cr-WCI specimens after all different treatments (thermal and mechanical). After 1000 °C-6 h quenching and air-cooling treatment, the microstructure reveals small carbides K2 (Cr7C3) in proeutectic austenite/martensite, and a matrix formed by K2 (Cr7C3) eutectic carbides and eutectic austenite/martensite (Figure 1a). After a tempering treatment (500 °C-8 h), the optical microstructure reveals small k2(Cr7C3) carbides much more homogenous in a tempered martensite and unaltered eutectic K2 (Cr7C3) carbides (Figure 1b). After a double tempering treatment (500 °C-8 h each) the microstructure, observed by optical microscopy, seems quite similar to the simple tempered one (Figure 1c). Results from the X-ray analysis (see point 2.3) also reveal the presence of secondary carbides Kc (M3C).



Figure 1d shows the microstructure of quenched specimen with SP treatment. Because of the high hardness of the material, the thickness of the surface affected layer is not so large, around 10 μm (orange square in the micrograph). In this zone, a greater density of small K2 carbides is present in proeutectic austenite/martensite. The rest of the microstructure is similar to the 18%Cr-WCI-Q.



All these data will be corroborated by X-ray diffraction analysis and SEM observation exposed in the next sections.




2.4. Phase Analysis by X-Ray Diffraction and SEM Observation


In order to support the aforementioned microstructural observations and to quantify phase changes caused by the different treatments, X-ray diffraction analysis was performed on the surface of the samples by means of a Seifert XRD 3000 T/T diffractometer (Seifert, Massillon, OH, USA). Parfocal Bragg-Brentano optical configuration was used with a coupled Theta–Theta movement, i.e., inverse rotation of tube and detector (being placed at the end of the primary and secondary diffractometer arms, respectively) and with the specimen fixed in the center of the goniometer. Furthermore, the radiation is emitted by a thin line molybdenum focus working at 40 kV × 40 mA, and it is then monochromatized to the Kα doublet (λ1 = 0.709316 Å and λ2 = 0.713607 Å) by means of a primary filter of zirconium and a secondary monochromator of highly oriented pyrolytic graphite (HOPG). Finally, the collimation of radiation is achieved by the following fixed slit set: 1°-divergence, 2°-antichatter, and 0.1 mm-receiving slits. On the other hand, patterns were registered by a scintillation detector (Nal (Tl)) between 12° y 36° in 2 Theta on fixed mode, with steps of 0.025° and 60 s per point.



A fraction of present phases was calculated by means of the analysis of the diffractograms obtained by X-ray analysis (Figure 2) using Rietveld structural refinement method [39]. These data are discussed, together with SEM analysis (Figure 3), to justify the obtained results.



X-ray analysis performed on 18%Cr-WCI-Q sample (Figure 2a) reveals the presence of martensite, austenite, and K2 (Cr7C3) carbides in 55, 13, and 32% of the weight, respectively. These results are consistent with the SEM image (Figure 3a) where it is possible to see small K2 (Cr7C3) carbides in proeutectic austenite/martensite, and a eutectic matrix form by K2 (Cr7C3) eutectic carbides and eutectic austenite/martensite. This analysis matches the optical microscopic analysis exposed earlier.



After tempering treatment (500 °C-8h), destabilization of austenite took place. DRX analysis (Figure 2b) shows the disappearance of practically all the austenite (1% remaining) giving place to an increment of martensite (from 55% to 67%). The proportion of the k2 (Cr7C3) carbides remains constant. SEM observation (Figure 3b), in agreement with optical analysis, shows a more homogenous distribution of small K2 (Cr7C3) carbides.



After double tempering treatment (500 °C-8 h each) the residual austenite was still around 1%, while a partial redissolution of K2 carbides took place, decreasing to 27%. On the other hand, superior bainite (CFe3) (12%) is formed into the matrix (Figure 2c). SEM analysis of 18%Cr-WCI-2T sample allows to detect the above-mentioned phases (Figure 3c): Eutectic K2 (Cr7C3) carbides (darker) and small K2 (Cr7C3) (spherical) together with fine and elongated (CFe3) carbides in a matrix of martensite.



Figure 2d shows the diffractogram of semiquantitative analysis of the 18%Cr-WCI-SP sample. Results show that plastic deformation induced by shot peening treatment induced the transformation of all the residual austenite. In this case, destabilization of the austenite tends to form small K2 (Cr7C3) carbides on the top surface of the sample, as supported by the X-ray analysis. These carbides are also visible on SEM observation (Figure 3d). Zircona (ZrO2) phase is also present in the XRD analysis of this sample (7%) (Figure 2d). This is because the shots used in the shot peening treatment were made of Zircona, which could be embedded on the material surface.



In order to corroborate the results of residual austenite obtained by means of Seifert XRD 3000 T/T diffractometer analysis (Seifert, Massillon, OH, USA), new measurements were carried out with a Stresstech G3R diffractometer (Stresstech, Jyväskylä, Finland). Knowing the carbides percentage previously, the austenite measurements are based on the calculation of the area under the ferrite and austenite diffraction peaks. This area is proportional to the content of every phase [40]. The diffraction peak was detected in 45° position of the rotation angle, Ψ, and 20 different positions were measured around φ angle, which is located on the plane specimen, between −45° and +45° angle position. The measurements were taken considering four peaks (two for the ferrite and two for the austenite). Firstly, making use of the A and B detectors, the two austenite peaks located in 130° and 80° were measured respectively; after that, detectors were changed to the ferrite angles, 156.4° and 106.1°, and the measurements were repeated in the same 20 positions from −45° to +45°, always in Ψ angle, 45° position. The parameters used are summarized in Table 5.



The values obtained in each series are shown in Figure 4 and the observed trend agrees with the measurements obtained using the Seifert device.



These results corroborate that SP treatments allow to reduce the amount of residual austenite obtained after quenching due to the induced plastic deformation. A similar effect was observed in the tempered samples but in this case due to the applied heat treatment.




2.5. Hardness Measurement


Hardness level after the applied treatments was measured by means of a Vickers microhardness tester (Mahr GmbH, Göttingen, Germany). Measurements were performed in the matrix because hardness of eutectic carbides remains constant after treatments. Hardness values of heat-treated series are shown in Table 6.



With the aim to assess the hardening induce by SP along the upper layer of the material, microhardness measurements were also taken on the transversal section of the shot peened specimens using a diamond Vickers indenter and applying a maximum force of 100 gf. The load was applied gradually at a constant rate of 1 N/s with a dwell time of 15 s. Three measurements were performed at each depth and the average value is reported considering the heterogeneity of the material and the error of the different measurements. Variations of the microhardness from the shot peened surface (0 µm in depth) to the bulk material are presented in Figure 5 for 18Cr-WCI-SP samples.



As can be observed from the presented results, tempering treatments contribute to decrease hardness of the samples, while SP treatment increases hardness in the upper layer of the material up to 300 µm in depth approximately. The work-hardening and the increase of the amount of small K2 (Cr7C3) carbides induced by SP treatment (Figure 3d) are responsible of this increase. Hardness reaches a peak value of 929HV at 29 µm from the surface, and progressively decreases until reaching a hardness value similar to the tempered specimen, at a depth close to 300 µm.




2.6. Roughness Measurement


Shot peening is also known to change the surface topography. Table 7 shows the main roughness parameters, including the arithmetic average of the deviations of the roughness profile from the centerline along the evaluation length (Ra), the quadratic average of the deviations of the roughness profile from the midline along the evaluation length (Rq), and the arithmetic mean of all the peak-valley values of the profile obtained (Rz), with the corresponding standard deviation. A contact roughness tester Mahr Marsurf M300 (Mahr GmbH, Göttingen, Germany) was used following ISO 4287, ASME B46.1DIN 4768 standard. Five measurements on each specimen were averaged, using a Gaussian filter of 0.8 mm. The results show higher surface roughness and more irregularities in SP treated specimens, as confirmed by the optical analysis of the transversal section.




2.7. Erosion Tests


With the purpose of characterizing the influence of mechanical and heat treatments on erosion wear behavior of high chromium white cast irons, erosion tests were performed in a MTDA/G76 microtest machine (Microtest S.A., Madrid, Spain), following ASTM G76-04 standard. The test consists on impacting the sample surface with a compressed air flux containing corundum particles. The jet nozzle was located 100 mm over the specimen with an inclination of 90° from the horizontal. The flux was applied at 1 bar pressure. Even though ASTM G76-04 standard recommends rectangular geometry of samples, approximately 10 × 30 mm2 and 2 mm thick, in this study, the specimen’s geometry was a parallelepiped of 20 × 40 mm2 section and 10 mm thick because of machine requirements. ASTM G76-04 standard accepts such modification as long as it is documented.



In this study, four tests were performed on each sample during different exposure times in different points of the surface sample. Three samples per each series were tested. The weight of the specimens was measured before and after each test in order to calculate weight loss. Erosion rate was calculated as a function of the weight loss over time and is shown in Figure 6. The lower erosion rate, the better erosion behavior.



The results show that the 18%-WCI-SP series presents the best erosion wear behavior. The effects induced by SP, surface hardening, and residual austenite transformation, contribute to improve erosion resistance of 18% white cast iron. However, series with a tempering and double tempering treatment after the quenching show a higher weight loss. On the other hand, and only comparing the tempered specimens, it is important to mention that in the case of double tempered specimen the estimated weight loss was lower, mainly due to the presence of very hard precipitated secondary carbides (Fe3C).





3. Conclusions


A total of 18% chromium white cast iron, usually used in wear resistant parts (mineral processing, cement production, and steel manufacturing industries), was submitted to different treatments, thermal and mechanical, with the aim of improving its erosion wear behavior.



Samples submitted to shot peening treatment show the best erosion behavior of all series, due to the induced top surface hardening and the complete transformation of the residual austenite in the upper layer of the material because of the plastic deformation induced by the treatment.



Nevertheless, tempering treatment (500 °C-8 h), which was applied after quenching in air (1000 °C-6 h), produces the destabilization of austenite (slight amount remaining), resulting in an increase of martensite. After the second tempering treatment (500 °C-8 h) the amount of residual austenite remains similar, while a partial redissolution of small K2 carbides takes place and superior bainite (CFe3) (12%) is formed. In both cases, after tempering, the material became softer and the weight loss after erosion test was higher. Between these two series, double tempered specimens show better erosion wear behavior (lower weight loss) than simple tempered ones, mainly due to the presence of very hard precipitated secondary carbides (Fe3C).



The analysis of the results indicates that shot peening could be an interesting treatment to improve erosion wear behavior of 18% chromium white cast iron components, while decreasing energetic costs and manufacturing times associated to long tempering treatments.
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Figure 1. Microstructures (Optical microscope) of 18%Cr-WCI specimens after different treatments. (a) 18%Cr-WCI-Q (500×); (b) 18%Cr-WCI-T (500×); (c) 18%Cr-WCI-2T (500×); (d) 18%Cr-WCI-SP (500×). 
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Figure 2. Phase analysis by X-ray diffraction after different treatments. (a)18%Cr-WCI-Q; (b) 18%Cr-WCI-T; (c) 18%Cr-WCI-2T; (d) 18%Cr-WCI-SP. 
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Figure 3. SEM microstructures of 18%Cr-WCI specimens after different treatments. (a) 18%Cr-WCI-Q; (b) 18%Cr-WCI-T; (c) 18%Cr-WCI-2T; (d) 18%Cr-WCI-SP. 
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Figure 4. Residual austenite (%) in specimens after different treatments. 
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Figure 5. Hardness profile in shot peened specimen. 






Figure 5. Hardness profile in shot peened specimen.



[image: Metals 09 00933 g005]







[image: Metals 09 00933 g006 550] 





Figure 6. Erosion rate (weight loss over time). 
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Table 1. Chemical composition of 18% chromium white cast iron specimens (18%Cr-WCI).
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18%Cr-WCI

	
%C

	
%Si

	
%Mn

	
%Cr

	
%Mo




	
3.01

	
1.17

	
0.82

	
18.2

	
2.05
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Table 2. Shot peening parameters.
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	Treatment
	Shot Diameter (mm)
	Almen Intensity (0.0001 in.)
	Time of Treatment (s)
	Surface Coverage (%)





	Conventional shot peening
	0.3
	10A
	8
	100
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Table 3. Chemical composition (wt.%) and mechanical properties of shots.
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	Shots
	Chemical Composition (%wt)
	Diameter (mm)
	Density (g/cm3)
	Hardness (HV)





	Zirshot Y300
	ZrO2 > 75%

SiO2 < 25%
	~0.3
	4.6
	1000
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Table 4. Series designation and specifications.
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	18%Cr-WCI-Q
	18%Cr-WCI + Austenizing (1000 °C-6 h) + Air Quenching



	18%Cr-WCI-T
	18%Cr-WCI-Q + Tempering (500 °C-8 h)



	18%Cr-WCI-2T
	18%Cr-WCI-Q + Double tempering (500 °C-8 h)



	18%Cr-WCI-SP
	18%Cr-WCI-Q + SP (100% coverage)
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Table 5. Parameters used in residual austenite measurements with Stresstech G3R diffractometer.
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Maximum Voltage (kV)

	
30

	
Maximum Intensity (mA)

	
6.7






	
Radiation

	
Cr Kα. λ = 0.2291 nm

	
Carbides (%)

	
0−Vc *




	
Filter

	
Vanadio

	
Colimator diameter (mm)

	
5




	
Austenite plane

	
(220)

	
Austenite diffraction angle (2θ°)

	
130




	
(200)

	
80




	
Ferrite plane

	
(211)

	
Ferrite diffraction angle (2θ°)

	
156.4




	
(200)

	
106.1








* carbides content.


nav.xhtml


  metals-09-00933


  
    		
      metals-09-00933
    


  




  





media/file8.jpg
Hardness (HV)

1000

950

900

850

200

750

700

650

Microhardness
[CranTie

B4ty

50

100

150

200 250
Depth (um)

}}H}

300

350

450





media/file11.png
Average mass loss (mg/s)

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Erosion tests

I

i

18%Cr-WCI-Q

18%Cr-WCIQ-T 18%Cr-WCI-Q-2T 18%Cr-WCI-Q-SP






media/file6.jpg
% Residual Austenite

14

12

10

©

e

IS

~

18%Cr-wel-Q

18%Cr-WCI-T  18%Cr-WCl-2T  18%Cr-WCl-sP





media/file1.png
o~ -
-
&

Small K2 (Cr7C3)
carbides in
proeutectic

(&

5100
1S
&

Tempered

‘v
A

martensite +
b Small K2 (Cr7C3)
»A‘&} carbides
i
K2 (Cr7C3) Loy
eutectic carbides ¥ %L
ﬂ ; K2 (Cr7C3)
N OW § eutectic carbides
Eutectic v /8

austenite/martensit

K2 (Cr7C3)
eutectic carhides

e e R P
A0

| : o 2y SR ' ~/’\.~“£“ 'g"\"
oY ';'.‘_ s ftle - - P by S o3 % - : ke S :“?{\’%\ 1‘:‘ v - e
Tempered /W T e = % Ve : :
martensite ‘N 4 |
+
Small K2
(Cr7C3)

carbides






media/file10.jpg
Average mass loss (mg/s)

30

25

20

15

10

0s

00

Erosion tests

18%Cr-Wel-Q

18%Cr-WCIQT  18%Cr-WCH-Q2T 18%Cr-WCI-Q-SP.






media/file7.png
% Residual Austenite

14

12

10

T

11.65

18%Cr-WCI-Q

18%Cr-WCI-T

6.6

4.9

18%Cr-WCI-2T 18%Cr-WCI-SP





media/file9.png
Hardness (HV)

Microhardness

| Chart Title l

1000

R
" B d g }
byt

750

700
650

600
0 50 100 150 200 250 300 350 400 450

Depth (um)





media/file5.png
Pz2ak, xzﬁne 19».1-. I : X2, 806 18mm 28 28 SEI






media/file3.png
z _18%Cr-wcl-Q = 18%Cr-WCI-Q-T
12,000 _7 448 g o Yobs 15,000 .
oup=7.44% 4 o'-FeCr — Yeal Ruwp=11.4% ° Yobs
10000 o oo - ca 12,500 1 — Yecal
5000 mps— / — Yobs-Ycal Rexp=6.46% o'-FeCr — vobs-Yeal
i . | .
% Bragg Pos. 10.000 / + Bragg Pos.
6000 | ' ,
v-Fe + CriGs a'-FeCr + Cr;Cs 7500 Fe 1 g a’-FeCr + CryCs
40 Cr,C / ' Fe Y o’ -FeCr + CryCs
. [ ¥ 5 :
v | 4 2000 Cr;C $| v-Fe+Cr:C \".I\ \
~ 2500 \‘ | f |
4
-EGOD I DI - .- - - - s s ;. L LB 8 R IR L 13 - '
4000 : L L . . _ <00 > = -
LD
2 2 2 2 2 :
12 16 0 ! ; 3 ZThmf_? 12 16 20 24 28 32 36
2Theta(")
Phase Content (% 20 (°
(%) () Phase Content (%) 20 (°)
Martensite (o’-FeCr) 55 20/28.5/35 Martensite (o’-FeCr) 67 20/28.5/35
Austenite (y-Fe) 13 23/32 Austenite (y-Fe) 1 19/23
Carbides k; (Cr;C;) 32 18/23/28.5/32/35 Carbides k, (Cr,Cs) 32 18/23/28.5/35
a b
g 18%Cr-WCI-Q-2T 2
- 3 o Yobs = 18%Cr-WCl-Q-SP
15,000 F Rwe=8.43% | o 6000 .
i L —Ycal <000 R-.-_-;.’ 10.9% Yobs
Rexp=5.09% — Yobs-Ycal e