
metals

Article

Optimization, by Means of a Design of Experiments,
of Heat Processes to Increase the Erosive Wear
Resistance of White Hypoeutectic Cast Irons Alloyed
with Cr and Mo

Alejandro Gonzalez-Pociño, Florentino Alvarez-Antolin * and Juan Asensio-Lozano

Materials Pro Group, Departamento de Ciencia de los Materiales e IngenieríaMetalúrgica, Universidad de
Oviedo, Independencia 13, 33004 Oviedo, Spain; UO204622@uniovi.es (A.G.-P.); jasensio@uniovi.es (J.A.-L.)
* Correspondence: alvarezflorentino@uniovi.es; Tel.: +34-985-181-949

Received: 28 February 2019; Accepted: 29 March 2019; Published: 2 April 2019
����������
�������

Abstract: To identify the design parameters in heat treatments that have a significant effect on the
erosive wear resistance of hypoeutectic high chromium white cast irons, a design of experiment
was applied to a white cast iron with 18wt.% Cr and 2wt.% Mo. The analyzed factors were the
destabilization heat treatment of austenite (1000 or 1100 ◦C, for 4 or 8 h), different quench cooling
media (in air or oil), different tempering treatments (200 or 500 ◦C, for 3 or 6 h), and the application
of an ionic nitriding treatment. Despite what was expected, the nitriding treatment was not found
to have a significant effect on said wear resistance. However, it is concluded that the highest wear
resistance is obtained with the shortest dwell time at the destabilization temperature (4 h), quenching
in oil, and with the shortest tempering times (3 h). Among the nitrided samples, the highest nitrided
layer thicknesses were obtained when the destabilization temperature of the austenite was 1000 ◦C
and the tempering temperature was 200 ◦C.

Keywords: high chromium white cast iron; destabilization of the austenite; erosive wear;
plasma nitriding

1. Introduction

White cast irons with a percentage of Cr greater than 15wt.% show two microstructural peculiarities
that condition their properties. One of these is that the matrix phase of the eutectic constituent is, in
fact, unstable austenite at room temperature (retained austenite), which affords a greater toughness
compared to other white cast irons and also allows them to be machined when subjected to an
isothermal treatment that transforms the austenite into pearlite [1]. The other peculiarity is that the
carbides that form part of their eutectic are mixed M7C3 carbides, typically (Fe,Cr)7C3, which have a
hardness value between 1200 and 1600 HV [2]. The content of M7C3 type eutectic carbides increases
gradually with the increase in chromium content [3]. These carbides have a similar morphology
to bars or plates [4]. These cast irons are widely used in applications that require a high resistance
to wear, as would be the case of processes linked to the treatment of raw materials in the cement
industry and thermal power stations, as well as in crushing and grinding processes in the mining
industry. Abrasion resistance of white cast irons depends greatly on the properties and microstructure
of the material, as well as on the wear conditions [5]. Martensite may form at relatively low cooling
rates due to the high hardenability conferred by a high alloy content in solid solution of austenite
prior to quenching. One such alloying element is chromium, which allows martensite to form by air
cooling [1]. However, wear resistance is improved if the precipitation of chromium-rich secondary
carbides [6,7], uniformly distributed in a predominantly martensitic matrix, is promoted and if the
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percentage of retained austenite is reduced [8].These secondary carbides are precipitated as a result of
the destabilization of austenite at temperatures around 1000 ◦C or higher [4,7,9–19]. This precipitation
favors an increase in the Ms temperature, reducing the risk of cracking in cooling media with harsher
cooling conditions than air [1]. Quenching in oil would decrease the percentage of retained austenite
at room temperature as compared to air quench, as in the former a higher cooling rate between Ms and
Mf will take place. Hence, a higher conversion of austenite into martensite. Tempering temperatures
according to industrial practices usually fall within the 200–250 ◦C range [1]. At higher temperatures
of between 400 and 600 ◦C, however, it should be possible to achieve a second destabilization of the
retained austenite, leading to its transformation into new martensite [20]. Higher hardness values
would be obtained with double tempering around 500 ◦C [21]. The addition of Mo produces a drop
in both the liquidus temperature and the eutectic temperature. This in turn leads to an increase in
the size of the eutectic cell and greater spacing between the carbide particles [22]. The addition of
Mo likewise increases the hardenability of the material [23], increasing its hardness [24] and wear
resistance [25–27]. Furthermore, the presence of Mo leads to the formation of M2C carbides, and it has
been found that these nucleate from M7C3 carbides to spread through the martensitic matrix [10,28].
This precipitation may occur during high temperature tempering [14]. In steels, a thermochemical
nitriding treatment produces surface hardening via the formation of subnitrides of Cr, V, Mo, and Al in
the tempered martensite matrix [29,30]. However, there are no previous reports of the nitriding of
high chromium white cast irons. In the case of steels belonging to the Fe–Cr–Mo system, the type of
(CrMo)xNy nitrides will depend on the Cr/Mo ratio [30].

The aim of this paper is to analyze the influence of the process variables related to the quenching,
tempering and possible subsequent nitriding of a white cast iron with 18 wt.% Cr and 2 wt.% Mo on
its hardness and resistance to erosive wear. The temperatures chosen in this study to determine the
possible effect of temperature on the destabilization of austenite were 1000 and 1100 ◦C, the goal being
to determine whether an increase of this temperature up to 1100 ◦C might lead to an improvement in
wear resistance due to an increase in the precipitation of these secondary carbides.

2. Materials and Methods

The experimental method applied was a design of experiments (DOE) with 6 factors, 2 levels for
each factor, and 8 experiments in all [31]. The purpose of applying the DOE statistical technique is to
modify normal working conditions deliberately so as to produce changes in some of the responses
under study. These deliberate changes in normal working conditions are carried out on specific,
previously-selected factors of the manufacturing process. Full factorial designs of experiments require
a large number of experiments, which grow exponentially depending on the number of factors studied.
When there are k factors to study in a full factorial DOE, the number of tests is 2k, where 2 is the number
of levels applied to each of the factors. Fractional DOEs allow a large number of factors to be studied
by means of a much smaller number of experiments, assuming the loss of information of possible
interactions between factors, which are not usually very significant in practice. It should be noted that
fractional factorial DOEs are symbolized as 2k−p, where 2 is the number of levels, k the number of
factors and p the degree of fractionation. In our case, the design of experiments employed would be
26−3 = 8. Table 1 shows the chemical composition of the white cast iron under analysis. Table 2 shows
the analyzed factors and levels, while Table 3 displays the array of experiments, together with the
confounding pattern. The analyzed factors correspond to the process variables related to quenching,
tempering and possible subsequent nitriding. The set of generators associated with this array of
experiments is D=AB, E=AC and F= BC, of which the resulting relation definition is I=ABD=ACD=BCF,
where I is a column formed only by some (+1) [31]. This means that the interactions ABD, ACD,
and BCF are confounded with the mean. The resolution of this design is III; i.e., the main effects are
confounded with the interactions of two factors [31]. In general, a DOE with resolution N is one
in which no effect of q factors is confounded with another containing less than N-q factors. In our
case, the proposed DOE is of type 2k−p, which means that it has a resolution of III because the main



Metals 2019, 9, 403 3 of 10

effects are confounded with the interactions of 2 factors. Note that 3 (resolution) = 1 (main effects) + 2
(interactions of 2 factors). The “Confounding Pattern” column in Table 3 indicates those interactions of
two factors which are confounded with the main effects.

Table 1. Chemical composition (% in weight).

C Si Mn Cr Mo Fe

3.02 1.17 0.80 18.21 2.05 ≤74.75.

Table 2. Factors and levels analyzed in the design of experiments (DOE) (cooling medium after
tempering: Air).

Factors Levels

Code Metallurgical Parameter Level –1 Level +1

A Destabilization temperature of austenite (◦C) 1000 1100
B Dwell time at the destabilization temperature (h) 4 8
C Nitriding No Yes
D Quench cooling medium air oil
E Temperingtemperature (◦C) 200 500
F Dwell timeat temperature during tempering(h) 3 6

Table 3. Array of Experiments.

No A B C D E F Confounding Pattern

1 –1 –1 –1 +1 +1 +1
A+BD+CE
B+AD+CF
C+AE+BF
D+AB+EF
E+AC+DF
F+BC+DE

AF+BE+CD

2 +1 –1 –1 –1 –1 +1
3 –1 +1 –1 –1 +1 –1
4 +1 +1 –1 +1 –1 –1
5 –1 –1 +1 +1 –1 –1
6 +1 –1 +1 –1 +1 –1
7 –1 +1 +1 –1 –1 +1
8 +1 +1 +1 +1 +1 +1

The analyzed responses were:

• The Vickers hardness, representative of each of the 8 experiments. The applied load was 125 kgf
(1225.83 N). In all cases, 10 indentations were made in each of the samples. The hardness values
were obtained on a cross-section in areas at a distance from the edge of the specimen, avoiding
indentations in areas near the edge. Moreover, face milling was used to remove 1 mm of the
surface material so as to avoid the influence of any possible surface decarburization.

• The microhardness of the matrix phase, that is to say austenite mainly transformed into martensite,
and pre-existing secondary carbides dispersed in the former. These secondary carbides were
obtained during destabilization of austenite at 1000 or 1100 ◦C, which is a former stage prior to
cooling in air or oil. This practice of austenite destabilization allows for austenite depletion in
carbon and alloying elements in solid solution, which allows Ms to increase enabling to increase the
section size to quench without cracking as well as to obtain less retained austenite after quenching.
In the present experimental procedure, the applied load was 0.05 kgf (0.49 N), performing 10
indentations in each of the samples. Similar to the previous case, microhardness measurements
were made on the cross-section after removing 1 mm of the material by milling.

• The erosive wear resistance, which was measured by means of compressed air blasting with
corundum particles according to the ASTM G76 standard, applying a pressure of 4 bar, a flow rate
of 1 g/s and a 30◦ angle of incidence on the sample surface. Five repetitions were performed in
each test. The duration of each trial was 1 minute. The dimensions of the tested specimens were
those of a prism measuring 60 mm × 40 mm × 15 mm.
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The effect of a factor on the variation in the response function is defined as a consequence of the
variation of said factor. The main effect of a factor indicates how much the response changes when this
factor changes from its –1 level to its +1 level. The effect of one factor may often depend on the value
that another takes. When this occurs, these factors are said to interact. Interactions between 2 factors
are defined as the variation between the average effect of one factor with the other factor at its low level,
–1, and the average effect of the same factor with the other at its high level, +1. The interactions between
several factors are similarly defined. The importance of the main effects tends to be greater than the
importance of the interactions of 2 factors, while the latter are in turn greater than the interactions of 3
factors, and so on.

The experimental response was subject to random variation. This variation followed a normal
law, where its standard deviation reflects experimental error. The effects are linear combinations of the
responses. Hence, applying the central limit theorem (CLT), they followed a normal law. Each main
effect may be considered a random variable where the obtained value is an estimate of its mean;
hence, this value is accompanied by the estimation of its standard deviation. If all the effects were
non-significant, they would follow an N(0,σ) law and would thus appear aligned in a representation
of the effects on a normal probability plot. If any effect was significant, it will follow an N(µ,σ) law,
not appearing aligned with the non-significant effects. The standardized effect is the ratio between
the difference in the value of the response and its mean and standard deviation. This represents not
only whether the value of the variable is above or below the mean, but also how far it deviates from
it. Those standardized effects that deviate from the straight line towards the ends on the normal
probability plot are significant. Those that deviate to the left indicate that the value of the response
increases at their −1 level, while, analogously, those that deviate to the right indicate that the value
of the response increases at their +1 level [31]. The standardized effects were compared on a normal
probability plot using the Statgraphics Plus (version 5.1) program.

The microstructural changes in the eight experiments were analyzed by means of optical
microscopy and scanning electron microscopy. Table 4 shows the parameters used in the nitriding
process. The optical microscope employed was a NIKON Epiphot 200 (Nikon, Tokyo, Japan) and the
scanning electron microscopy employed was a JEOL JSM-5600 (JEOL, Nieuw-Vennep, The Netherlands).
The method followed consisted of washing the plasma treatment chamber with mixing gas for a period
of 10 min, after which the treatment commenced.

Table 4. Parameters used in the plasma nitriding process.

Gas Mixture 70vol.%N2 + 30vol.%H2

Gas flow(cm3/s) 0.14
Temperature (◦C) 540

Pressure (Pa) 400
Time (min) 120

Output voltage (V) 500

3. Results

Table 5 shows the mean values obtained for the studied responses and the standardized effects
corresponding to the Factors and Interactions indicated in the column denominated “Confounding
Pattern”. The row corresponding to the mean shows the average value obtained for each of the responses.
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Table 5. Mean values and standardized effects for the analyzed parameters.

Experiment

Mean Hardness
HV125

Microhardness of
Matrix Phase

HV0.05

Wear
(mg/min) Confounding

Pattern
Values Effect Values Effect Values Effect

1 833 948.6 764 879.2 59.64 60.73 Mean
2 679 −169.2 603 −186.5 61.9 −0.23 A+BC+CE
3 877 0.2 792 16 61.92 0.70 B+AD+CF
4 693 356.2 643 375.5 59.2 0.13 C+AE+BF
5 1178 −55.2 1129 −36 58.8 −2.55 D+AB+EF
6 1104 −0.2 989 −31.5 61.18 0.00 E+AC+DF
7 1245 −28.7 1205 18 63.04 0.91 F+BC+DE
8 980 −40.2 909 42 60.18 −0.06 AF+BE+CD

Figures 1–3 show the representation of these standardized effects on a normal probabilistic plot,
highlighting those that have a significant effect on these responses (these Factors do not appear aligned
in a representation of the effects on a normal probability plot).

1. Figure 1 shows that Factors A (austenitization temperature) and C (nitriding) have a significant
effect on the representative hardness of the material: If Factor A is placed at its −1 level (1000 ◦C)
and Factor C at its +1 level (nitriding treatment), there is a significant increase in hardness.

2. Figure 2 shows the analysis of the hardness on the matrix constituent, mainly made up of
martensite, retained austenite and secondary carbides formed during the destabilization of
austenite. It is confirmed that if the aforementioned Factors (destabilization heat temperature of
the austenite and nitriding treatment) are placed at their respective −1 and +1 levels, there is an
increase in said hardness.

3. Figure 3 shows that the Factors found to have a significant effect on erosive wear are B (dwell
time at the destabilization heat temperature of austenite), D (cooling medium used in the quench)
and F (tempering time).To increase the wear resistance of the material, these Factors should be
placed at their respective −1 (dwell time at the destabilization temperature of austenite: 4 h), +1
(quenching in oil) and −1 (dwell time at the tempering temperature: 3 h) levels. It is worth noting
that, in this case, neither the nitriding treatment nor the tempering temperature was found to
have a significant effect on said erosive wear resistance.
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Figure 4 provides a representative image of the thickness of the nitrided layer in Experiments 5 to
8. It can be seen that the thickness of the nitrided layer varies between 50 and 75 µm. The greatest
layer thicknesses are obtained in Experiments 5 and 7, where the mean thicknesses are 70 and 62 µm,
respectively. These two experiments coincide in terms of the temperature applied to destabilize the
austenite (1000 ◦C) and the lowest tempering temperature (200 ◦C). Figure 5 shows the phases and
constituents that were analyzed semi-quantitatively by energy-dispersive X-ray (EDX) microanalysis
in the nitrided layers of Experiments 5 to 8. Table 6 shows the results thus obtained. It should be noted
that pre-existing eutectic carbides of the M7C3 type, transform into carbonitrides [32] after nitriding
treatment (Spectra 1 and 3). The values show weight percentages exceeding 14 wt.%N. However,
the matrix constituent of the nitrided layer reaches mean values of 4–8 wt.% N (Spectra 2,4,7,8,10
and 11) denoting lower N enrichment. Due to the low solubility of N in Fe and its higher affinity
of this element for Cr and Mo (Ellingham diagram of nitride formation), it is reasonable to expect
the presence of nitrides of Cr and Mo in tempered martensite, in addition to Fe–N system nitrides.
This outmost layer is hard and yet very fragile. During the process of erosive wear peeling of this
layer could occur, thus failing to provide further wear resistance. Spectra 5,6,9,12,13 and14 show
the approximate weight percentages of the elements that constitute the eutectic carbides M7C3 and
the eutectic constituent, formed by martensite, retained austenite and secondary carbides, which are
located outside the nitride layer.
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(d) 8

10 6.7 2.3 8.9 80.7 1.4

1100 ◦C 8 h Oil 500 ◦C 6 h
11 8.6 2.2 8.9 78.6 1.7

12 15.2 – 42.4 39.3 3.1

13 – – 51.8 45.5 2.6

14 – 1.8 8.1 89.5 0.7

4. Conclusions

With regard to hypoeutectic white cast irons with 18 wt.% Cr and 2 wt.% Mo, subjected to different
heat treatments to destabilize austenite, different quench conditions, different tempering conditions,
with or without ionic nitriding treatment, it is concluded that:

1. There is a difference between the Factors that condition the hardness of the material and those
that condition its erosive wear resistance. The highest increase in hardness is obtained when the
temperature employed to destabilize the austenite is 1000 ◦C and when the material is subjected to
a nitriding treatment. However, the highest erosive wear resistance is obtained with the shortest
dwell time at the destabilization temperature (4 h), quenching in oil, and employing the shortest
tempering times (3 h).

2. Among the nitrided samples, it was found that the eutectic carbides located in the nitrided layer
are transformed into carbonitrides and that the greater thicknesses of nitrided layers are obtained
when the temperature employed to destabilize the austenite was 1000 ◦C and the tempering
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temperature was 200 ◦C. However, despite what was expected, the nitriding treatment does not
have a significant effect on erosive wear resistance.
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