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The experimental design set two levels for two different variables to high chromium- high carbon experimental castings were subjected the
direct effects of impacts of iron reduced pellets granulated to temperature of 550◦C. The samples show a proportion of chromium Cr-carbon
equivalent to CrE /CE=4 with a quantity of C of four per cent. The quantities of molybdenum and vanadium more titanium (V +1/2Ti) were
varied at two different levels. It was found that the amount of material extracted from the samples was related to the chemical composition
of alloys, so that samples with the greatest amount of molybdenum were showing greater wear. It was noted that the samples with high
molybdenum show regions with carbide massive with a great lack of oxidation resistance, being one of the causes an increase in the rate of
attrition. It was analyzed the hardness, composition, size, morphology and distribution of massive carbides and eutectic compound.

Keywords: Erosion; hard facing; wear.

Se aplicó un diseño experimental de dos variables en dos niveles de fundiciones experimentales de alto carbón y alto cromo, sometiéndolas a
los efectos directos de impactos de pellets granulado de hierro reducido a una temperatura de 550◦C. Las muestras presentan una proporción
de cromo-carbono equivalente de CrE /CE=4, con una cantidad de C de cuatro por ciento. Las cantidades de molibdeno y vanadio más titanio
(V+1/2Ti) fueron variadas en dos niveles diferentes. Se encontró que la cantidad de material extraı́do de las muestras estaba relacionado con
la composición quı́mica de las aleaciones, de tal manera que las muestras con la mayor cantidad de molibdeno fueron las que muestran mayor
desgaste. Se observó que las muestras con alto molibdeno presentan regiones de carburos masivos con una gran carencia de resistencia a la
oxidación, siendo una de las causas un aumento en la tasa de desgaste. Se analizó la dureza, composición, tamaño, morfologı́a y distribución
de carburos masivos y compuestos eutécticos.

Descriptores: Erosión; recubrimientos duros; desgaste.

PACS: 81.05.Bx; 81.05.Je; 81.40.Np; 81.40.Pq

1. Introduction

Alloys and hard coatings of high carbon - high chromium
come to be used under conditions typical of industrial pro-
cesses, such as mining, coal mining, energy, steel and ce-
ment [1-3]. Under these conditions materials are subject to
conditions of attrition expressed differently. However indus-
trial processes nowadays, involve increasingly special situ-
ations, especially with regard to energy production and the
manufacture of steel, where it can work with high pressure,
high speeds of material involved and even with temperatures
500◦C or more [4]. The materials of this study, in general,
may be subject to wear abrasion, attrition, repeated impact
loads, erosion of low and high temperature, oxidation, corro-
sion among others wear systems in particular [5].

It is normal practice to relate the wear alloys monopha-
sic its hardness, a linear way, but this kind of relationship
can not be real in multiphase alloys, which are more com-
plex structures. Studies in depth about the conduct of these
types of materials have been made at room temperature, and
there are no comprehensive data and depth to intermediate
and high temperatures. In the range of 400 to 800◦C, this
may be of interest for industry. One example is the attrition
and wears which occurs in internal surfaces of pipelines and

auxiliary equipment, used to pneumatic transport of reduced
iron pellets (Direct Reduction Iron), or in transporting gran-
ulated coal in the electricity generation. These processes can
occur in the range of temperatures before mentioned.

These alloys can present micro-structural characteristics
similar though not necessarily equal to the white iron al-
loy, which consists of a dendritic matrix that can be ferrite,
austenite, martensite or a mixture of the above, depending
on their chemical composition and the cycle thermal cool-
ing after the solidification The presence of different types of
carbides is significan and these can be classifie as primary,
when they were originated during the solidificatio process,
or secondary, if they are the result of a reaction in solid trans-
formation. When the amount of carbon is higher than the eu-
tectic, the solidificatio must begin with the nucleation and
growth of carbides. Depending on the amount of chromium
and other elements strongly formers carbides, particles may
be formed of M7C3, MC, M3C or M23C6 type. It has been
reported that the hardness of M7C3 type carbides rate varies
from 1200 to 1600 HV, while the hardness of M3C varies
from 800 to 1100 HV. It is expected, therefore, that wear
vary with the morphology, dispersion and quantity of differ-
ent phases in a complex alloy.
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TABLE I. Experimental alloys.

Alloy 1 2 3 4
CrE /CE - - - -
Mo - + - +

V + Ti - - + +
+ Implies the higher level, - Implies the lower level

TABLE II. Chemical composition (wt.%) of the castings.

Alloy 1 2 3 4

C 5.17 4.65 5.09 5.15
Mn 5.96 4.80 5.10 6.27
Si 0.29 0.32 0.32 0.34
S 0.02 0.02 0.02 0.02
P 0.13 0.05 0.05 0.15
Cr 18.5 22.5 21.2 21.0
Ni 1.64 1.68 1.80 1.58
Mo 0.95 2.47 0.92 2.20
V 0.48 0.61 0.87 0.85
Ti 0.11 0.11 0.24 0.23

CrE /CE 3.49 4.72 4.08 3.97

FIGURE 1. Iron rich corner of the meta-stable C-Cr-Fe diagram as
Thorpe y Chicco [18], showing the experimental castings 1 to 4.

The contribution of this work is to display the results of a
test of erosion high temperature in a series of high-chromium
alloy. The samples in this study were subjected to the effects
of the impact of iron particles from direct reduction to 550◦C.

2. Experimental procedure

To asses the impact resistance of continuous erosive par-
ticles of reduced iron at 550◦C, preliminary erosion tests
were conducted on castings of the type ASTM A532 which

could present micro-structural characteristics and physical-
mechanical properties similar to those of a white-iron alloyed
or a hard coating similar in chemical composition. How-
ever, the resistance of these alloys was so low that it was
decided to conduct an experimental design with a series of
high chromium - high carbon alloys and other elements, to
that could display a better resistance.

Different considerations were followed to design alloys.
It was desirable that pro-eutectic carbides present in the al-
loys were of the type M7C3 scattered in a matrix austenitic.
The molybdenum was added to increase resistance to high
temperature [6] and provide carbides M2C type. Added tita-
nium over twice this amount of vanadium to provide a certain
amount of carbides cubic refractory type MC and M2C, and
provide thermal stability to the matrix. The amount of sili-
con had to be balanced to produce a carbon equivalent higher
than the eutectic composition, and thus increase the amount
of carbides; however the amount of this element had to be
maintained above 0.3% to avoid fluen y problems. The con-
tents of nickel and manganese were set at 2.5 and 6%, respec-
tively, to form an austenitic matrix more stable.

Four different alloys were prepared following the consid-
erations previous to vary the microstructure of the cast. The
amount of chromium was established according to the dia-
gram Fe-Cr-C, following a ratio of approximately CrE /CE

of 4 [7]; corresponding to 20% Cr, it is appropriate that a
percentage of 5% to C, see Fig. 1. Reviewing the chart
Fe-Cr-C can see that carbides which will be formed with
these amounts going to be the type M7C3+M3C dispersed
in a matrix austenitic. Variations in Molybdenum were 1-3%
and those of (V+1/2Ti) from 0.75-1.5%.

The experimental design used to get the cast is present in
Table I, the Table II presents compositions obtained.

The equivalent values for carbon (CE) and chromium
(CrE), show in Table II, were calculated by:

CE = C +Mn/6 + (Cr+Mo+ V)/5

+ (Si+ Ni+ Cu)/15 (1)

CrE = Cr+Mo− 1.5Si− 0.5Nb (2)

The samples used for testing erosion in this study were
cut to the following measures: 25 × 38 × 5 mm. Sam-
ples were collected for metallurgical examination, from re-
gions attached to the samples for wear. This examination
was conducted over equivalent position of the samples and
were grinding and polished following standard procedures,
the microstructure was observed after a chemical attack with
a colour reactive agent [8].

The size of carbides was obtained by image analysis and
was reported in units of area. A routine was established to
record the number and volume fraction of these particles at
different intervals, the units are µm2:

1. smaller than 30,

2. between 30 and 100,
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3. between 101 and 500,

4. between 501 and 2000,

5. between 2001 and 5000 and

6. bigger than 5001 µm2.

A routine was established to get the average size of carbides.
This is allowed to establish the intervals and quantities of car-
bides to perform graphic differentials that allow relating to
the volume of material lost with the wear resistance.

The tests were carried out through a rig test to wear spe-
cial shown schematically in Fig. 2, which has been used in
previous studies [4]. The samples were roughly, polished and
cleaned before the test. The experiments accelerate parti-
cles of reduced iron in the range of 3.2 to 3.8 mm, falling
freely from one pressurized chute through commercial nitro-
gen, warmed through a heat exchanger to 900◦C. The speed
reached by the gas was 10 m/s aprox. All tests were con-
ducted to wear 48 cycles of erosion, which consisted of 20
kg loads of small particles. These conditions sought a con-
stant temperature in the sample of 550◦C. The particles were
recovered in another pressurized chute with nitrogen at room
temperature, to return the initial pressurized chamber and
make another pressurized initial cycle of erosion to complete
three per load, before discarding. It appended a dosing valve
to control the speed at which the particles should impinge-
ment the samples. Figure 2 also showed as the samples were
located in a direction of 30 degrees with respect to the di-
rection of fl w of particles. These conditions were set out to
reproduce those that are achieved with normal erosion in the
inner pipe.

The wear was related to the volume of material removed
from the samples considering their weight before and after
the test. The hardness of the samples was reported according
to the scale Rockwell C. The results of the wear resistance
of samples of this study were related to wear resistance of
a stainless steel AISI-SAE 304, naming DR to the variable
response.

FIGURE 2. Diagram showing the relative position of the samples
in experimental rig.

TABLE III. Data related to the wear experiment and the samples.

Alloy
Wear Hardness FV

Size Count

(µm2) (N/mm2)
Vol. (mm3) DR RC %

1 0.32 26.56 55.48 47 16242 434
2 1.39 6.14 54.63 35 13408 1086
3 0.19 43.33 55.03 42 15716 730
4 0.670 12.81 56.41 47 10382 451

3. Results and discussion

Figure 1 shows the iron-rich corner of the diagram in liq-
uidus [7], the points in this chart drawn up to the chemical
composition of the cast under study, it appears that alloys, 1
to 4, are in a group for a CrE /CE rounded to 4, see also Ta-
ble II. It is important to note that the results obtained on this
occasion were values of 3.49 to 4.72.

Table III shows the average size, the volume fraction, the
hardness of the primary carbides, hardness recorded in the
aggregate eutectic and relative resistance on the wear of the
samples DR.

Data obtained from these tests and crossed with other
characteristics of the samples were used to build different sta-
tistical models of type:

R = Ao + A1 ∗X1 + A2 ∗X2 + . . . + Ak ∗Xk (3)

Where R is the dependent variable, the terms Ak correspond
to the best correlation coefficient found and the terms Xk are
independent variables.

A firs attempt to correlate the volume of samples re-
moved with chemical composition [expressed in terms of
quantities of Mo, (V + 1/2Ti) and CrE /CE] did not give an
answer expected due to high volumes of attrition that were
found. Best results were obtained when the relative resis-
tance to wear was analyzed. The equation that best correlate
data for the case has been submitted:

ln(Dr+ 5.1) = 3.86− 0.78Mo+ 0.67(V+ 0.5Ti) (4)

Where DR is the relationship of volume removed in each
sample individually on the observed in an austenitic stain-
less steel AISI-SAE 304 [4]. The Fig. 3 presents a three-
dimensional plot of Ec. (4) for the relationship CrE /CE equal
to 4.

The Figs. 4 and 5 show the microstructures of the sam-
ples, they were exhibited both the lower and the highest rate
of attrition, alloys 3 and 4, respectively, in Tables I, II and III.
It can be seen as both microstructures consist of carbides
massive surrounded the eutectic compound. The fraction of
carbides which falls on different intervals of size, mentioned
in the previous section, for samples that show either low or
high attrition are present in Figs. 6 and 7, being considered
under wear when the loss of volume was less than 0.6 mm3,
wear resistance higher to 20.
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FIGURE 3. Three-dimensional representation of Eq. (4).

FIGURE 4. Micrograph from alloy 3, low wear.

FIGURE 5. Micrograph from alloy 4, high wear.

FIGURE 6. Volumetric fraction occupied by the different sizes of
carbides in the samples that exhibit low wear.

FIGURE 7. Volumetric fraction occupied by the different sizes of
carbides in the samples that exhibit high wear.

FIGURE 8. X-ray analysis of primary carbides found in samples of
low and high wear.

Figure 6 indicates that the samples that exhibited lower
rate of attrition were those where most of the volume frac-
tion of carbides is concentrated in the three largest intervals,
for example, a volume fraction of carbides total larger than
501 µm2 was near or above 0.3, while those samples lost
more volume were those in which pro-eutectic carbides was
focused on only one or two intervals, or have a distribution
more flat Fig. 7.

The high attrition rates observed in the samples with
a higher content of molybdenum may also be due to the
concentration of this element on the primary carbides, in a
spheroidal segregation with a low oxidation resistance [9].
Figure 8 presents an analysis of X-rays in a selected area in
the primary carbides, in the sample that exhibits the highest
attrition, Fig. 5. In this case, the massive carbides may con-
tain areas with carbides M3C types, which are softer than the
rate M7C [1-3].

Rev. Mex. Fı́s. S 55 (1) (2009) 139–143
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There is not clear-correlation between the wear resistance
with hardness, as the parameter that affects the wear is the
speed at which particles erosive impact on the samples [10]
and this parameter was kept constant in all tests.

In Fig. 3 as observe the erosive wear resistance increases
with increasing the content of vanadium plus titanium, this
responds to the formation of refractory carbides and which
reinforce the matrix and massive carbides.

Manganese and nickel produce an austenitic structure
with a small amount of ferrite in the range of 3%, which in-
creases with the application to high temperature which could
eventually lead to a greater attrition of the material for a long
time in this condition.

4. Conclusions

The best results from the standpoint of resistance to erosion
at 550◦C, were found in samples in which pro-eutectic car-
bides were larger than 501 µm2. They occupied a fraction

volume on or around 0.30. Contrary to this observation, sam-
ples that were subjected to the highest rate of attrition were
those in which the size distribution of carbides focused on
one or two intervals, or present a more fla distribution. It
can be seen with the naked eye, it is important to have a
fin distribution of carbides. The response variables, which
ranged from a value of 6 to 43 times the strength of the steel
ASI-SAE 304, established because of the wear resistance was
related to the size and distribution of carbides and the concen-
tration of molybdenum in nodules in carbides and in matrix
rather than the percentage of C, the volumetric fraction of
carbides, the type of carbides, and other variables. Some ob-
servations are pointing in the direction of oxidation, which is
further deteriorating in carbides rich in molybdenum, lessen-
ing the resistance of these to wear in such conditions, consid-
ering that nitrogen would have 1% oxygen. No correlation
was found between wear and hardness. The erosive wear re-
sistance increases with increasing the content of vanadium
plus titanium. Manganese and nickel produce an austenitic
structure with a small amount of ferrite in the range of 3%.

∗. Author for correspondence: e-mail: smald@uaz.edu.mx.
1. K. Weber, D. Regener, H. Mehner, and M. Menzel, Materials
Characterization 46 (2001) 399.

2. T.W. Chenje, D.J. Simbi, and E. Navara, Materials & Design
25 (2004) 11.

3. E.B. Albertin and A. Sintora, Wear 250(2001) 492.
4. S.I. Maldonado-Ruı́z et al., Int. J. Cast Metals Res 15 (2003)

589.
5. Vathsala Rajagopal and I. Iwasaki, Science-Corrosion (1992)

124.

6. H. Berns, Wear (1995) 181.

7. W.R. Thorpe and B. Chicco, Metallurgical Transactions A. 24
(1993) 981.

8. G.F. Vander Voort, Met. Progress 127(1985) 31.

9. E.A. Gulbansen and S.V. Jensson, Oxidation of Metals 63
(1970) Metals Park, Oh, ASM.

10. I.M. Hutchings. Tribology, Friction and Wear of Engineering
Materials, Edward Arnolds Ed. (London, 1992).

Rev. Mex. Fı́s. S 55 (1) (2009) 139–143


