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Nano-scratching resistance of high-chromium
white cast iron and its correlation with wear
of cBN tool in machining

In this paper, a nano-scratch testing approach was used to measure
and evaluate the abrasion wear resistance of high-chromium white cast irons in order
to understand the wear mechanism in the interaction between the high-chromium white
cast iron and the cBN cutting tool during the machining process. Scratch testing was
performed on a nanoindentation instrument using a diamond indenter as the scratch
tool. Linear multi-pass scratches in the same path were made on pre-worn surfaces of
test materials. The correlation of the scratching resistance and tool wear measured
from the machining is presented by the flank wear and maximum scratch depth. The
appearance of the cutting edge on a cBN tool suggests that the abrasion wear is mainly
related with a combined effect of the carbides and the matrix during machining the
high-chromium white cast iron.

Keywords: scratch test, high-chromium cast iron, fracture, wear
mechanism, cBN.

INTRODUCTION

High-chromium white cast iron (HCCI) has exclusive properties
in wear resistance due to the substantial presence of chromium-rich carbides,
which makes it suitable for a wide range of applications in the mining industry.
Machinability of the HCClIs is strongly influenced by their microstructure and
microscale mechanical properties or the material abrasiveness. Factors such as
grain size of carbides, phases, and wear resistance properties play important roles
and determine the extent of tool wear, stability, and surface quality during
machining [1]. From the previous studies, the high hardness (500 Hp) of the matrix
and imbedded cementite (Fe;C) formed at the rapid cooling rate during the casting
process caused the high abrasion wear resistance and a rapid cutting tool
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deteriorations, such as cutting tools of pcBN (polycrystalline cubic Boron Nitride)
[2]. This leads to the generally low production efficiency and high production cost.

The abrasion resistance of these materials is profoundly influenced by the
microstructure and micromechanical properties of the material. The performance of
HCCI materials can be improved by a heat treatment [3] and changes of the
composition [4, 5]. The composition of the matrix phase can be suitably modified
to achieve a proper balance between the resistance to abrasion and the toughness
needed to withstand a repeated impact [6]. However, the wear performance of the
material is very hard to evaluate for the wide variety of acceptable wear test, which
can give the significantly different results depending on the different conditions
and parameters from the test. In this study, an attempt has been made to understand
the effect of metallurgical factors such as the morphology and volume fraction of
carbides as well as wear resistance properties of the machinability of the materials.
The microstructures of HCCI materials with different compositions (carbon and
silicon contents) have been characterized under the as-cast as well as annealed and
hardened conditions using scanning electron microscopy, Nano-scratching and
machining techniques.

MATERIAL PREPARATION

The HCCI is virtually a composite material, which includes a metallic matrix
and is reinforced with carbide particles. The minor change of chemical
composition and heat treatments are applied to modify the composition of the
matrix phase to achieve different wear resistance performance of the material. In
this study, two groups of high-chromium cast irons were prepared, with the
chromium content of 25.7 wt %. The group with lower C-Si content had 2.71 wt %
C and 0.8 wt % Si and the group with higher C-Si content had 2.95 wt % C and
1.47 wt % Si. The alloys were cast into rounds (66 mm in diameter) and cut to
pieces of 10x10x5 mm’ using a wire electrical discharge machine. The groups
were divided on the basis of carbon—silicon (C-Si) contents. There are three
samples per group, one corresponded to the as-cast condition, the other two to the
annealed (heating to 930 °C, holding time: 1.5 h, cooling to 650 °C, holding time:
1h, cooling to 600 °C, holding time 2 h, cooled to room temperature) and the
hardened conditions (heating to 940 °C, holding time 2 h, quenched to room
temperature). All the specimens were mounted, ground, and polished following
standard metallographic procedure. The final polishing procedure was done SiO,
particles (0.04 um). The etchant in the test is a modified glyceregia [7].

The microstructures of the different samples are affected by the composition
and heat treatments significantly, as presented in the previous research [8], one of
the typical microstructure of as-cast sample is shown in Fig. 1. In all the samples,
regardless of the initial composition, no significant change in the morphology of
the eutectic carbide was observed after a heat treatment. The main transformation
happened on the matrix. In the lower C-Si group, the matrix of the as-cast sample
contains the primary austenite dendrites with needle-like martensite; after the
annealing procedure, the austenite and martensite are transformed to bainite in the
matrix, and plenty of secondary carbides are observed in the matrix; in the
procedure of hardening, the matrix is transformed to mixture of the martensite and
finer size of secondary carbides, the volume and size of secondary carbides are
smaller than the secondary carbides in the matrix of annealed sample. As the same,
the transformation in the higher C—Si group is also happened on the matrix only.
The as-cast sample is bainite; annealed sample is a mixture of perlite and big size
of secondary carbides, and hardened sample is a mixture of martensite and finer
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size of secondary carbides. The SEM images of 6 samples showed the influence of
heat treatments on the microstructures and phase evolution in the samples in
greater detail in the matrix.
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Fig. 1. Typical microstructure of HCCI material in lower C—Si grop and as-cast condition.

NANO-SCRATCHING TEST AND MACHINING SETUP

The mechanical properties of the various phases such as hardness and wear
resistance properties were determined from the tests. Experimental results from
each scratch performed at random locations on the surface of a multiphase material
can be presented as distance-depended plots of scratch depth and force. Multiple
peaks in the plot of scratch depth correspond to the various phases in the material
before the cracking of the carbides, and the cracking position showed the fracture
properties of the carbides of the material. The test results were calibrated by a
fused silica, and the detail procedure of the tribological properties analysis is
presented in Fig. 2.
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Fig. 2. The calibrated scratch test of fused silica sample by the load of 100 mN, test curve with
topography effect (a), the analytical curve by removing of topography effect (b).

The scratch tests were performed on a NanoTest Vantage nanoindentation in-
strument with a loading range of 0.01 to 500 mN and a conical diamond indenter.
The abrasive wear of these samples was evaluated and compared using the Nano-
scratch techniques under different loads. A damage caused by scratching was
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examined using depth-distance curves. The material pile-up took place in all
scratched samples, but to different degrees. The presented results are based on the
diamond conical indenter with 5-pm tip radius, the effects of the composition and
heat treatment on the overall wear behaviour at various loads are investigated. The
other settings are shown in the table.

The test setup in nano-scratch

Name Value

Scanning velocity, pm-s™ 10

Scanning length, um 500

Number of passes 22
Number of scratches per topography 1

Topography load, mN 0.1

Scratch load, mN, is applied after 100 pm 10, 100, 200, 300

Load rate, mN-s™' 5

The scratched surface was significantly different for two groups with different
heat treatment conditions. It was found that the wear resistance of HCCI samples
does not follow the classical theory; the wear resistance is not linearly proportional
to the hardness. This discrepancy was suggested to being a result of different wear
mechanisms operating in different materials.

Since the divergence in wear values is the wide variety of acceptable wear tests,
which can give significantly different results depending on the test conditions such
as sliding vs. abrasive wear (two or three bodies), sliding load and speed, and
surface roughness. The method to assess the wear performance is compared the
depth curves of all samples by the same load. The scratch test has done on the load
of 10 and 300 mN on the length of 500 pum. The 10 mN has done on the multi-
cycles of 20 times.

The scratched surfaces were significantly different for two groups with different
heat treatment conditions. It was found that the wear resistance of HCCI samples
does not follow the classical theory; the wear resistance is not linearly proportional
to the hardness. This discrepancy was suggested to being a result of different wear
mechanisms operating in different materials.

Since the divergence in wear values is the wide variety of acceptable wear tests,
which can give significantly different results depending on the test conditions such
as sliding vs. abrasive wear (two or three bodies), sliding load and speed, and
surface roughness. The method to assess the wear performance compares the depth
curves of all samples by the same load. The scratch test was done on the load of 10
and 300 mN on the length of 500 pm. The 10 mN was shown on the multi-cycles
of 20 times.

In the test results, the curves are adjusted to horizontal way, and the removal of
the topography effect of the initial surface, seen as Fig. 2, a. The scratching curve
is only showing the deformation, and the residual deformation is presented as the
end topography curve without the roughness effect. The start topography curve is
presented as the reference line in Fig. 2, . The final results are shown in Fig. 2, b.
The pre-test is the topography measurement, and the follow is elastic deformation
part for the yield stress evaluation. The plastic part shows the wear defect by the
applied load. The friction coefficient is obtained from the stable part of the curve.
Under the load of the 100 mN, the yield stress happened under the 400 nm depth,
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and the value is about 4.5 GPa. The value is matched with the reference value of
fused silica. Because the size effect also existed in the test results, the presented
study only presents the yield point on the specific load. The topography curve is
applied to measure the residual deformation after the scratching, and the maximum
depth is obtained from the scratching pass of the curve.

Since the wear performance of the material is very hard to evaluate for the wide
variety of acceptable wear tests, which can give the significantly different results
depending on the different conditions and parameters of the test. From the pre-
sented work, the conditions are controlled in humidity, temperature, roughness, and
so on. The test parameters are evaluated by /i, and scratch load.

All machining tests were performed on a SMT500 turning center employing a
continuously variable spindle speed up to a maximum of 4000 rpm and a driver
motor rated up to 75 kw. The selection of cutting parameters covers the range of
industrial production and the recommendation from cutting tools manufacturer.
Dry machining tests were conducted throughout the tests; the machining test setup
is presented in the previous work [9]. Pre-cut was made on each workpiece before
the tests in order to remove the rough out-layer from prior casting process and heat
treatment. Flank wear on the cutting tool was measured by means of Alicona
Infinite Focus optical microscope. The materials were cast into bar shapes with a
diameter of 66 mm and a length of 370 mm.

RESULTS AND DISCUSSIONS

The mechanical properties of various phases and their abrasion resistance
properties were determined by the Nano-scratch approach. This technique is often
used for measuring the fracture, wear, and friction behavior over a certain length
on the surface of the material. It has the potential to extract the mechanical
properties of the measured phases provided the load of scratch which is carefully
chosen to minimize the influence of the surrounding medium [10].

The heat treatment and composition are significant for the wear performance of
the HCCI in scratch tests. Linear multi-passes scratches in the same path were
made on pre-worn surfaces. The results of the sequential multi-passes tests on the
pre-worn surfaces showed that the heat treatment and composition affect the
maximum scratch depth (/,,) in Fig. 3 by the load of 10 and 100 mN. In Figs. 3,
a—c, the annealed samples have the highest maximum scratch depth (f.x) and the
hardened samples have the lowest /.. In composition group (see Figs. 3, b—d),
the samples in higher C—Si group showed the better wear resistance performance
than corresponding samples in the lower C—Si group.

Figure 3 shows that the hardened sample has the smallest scratch depth in the
multi-cycles 10 mN test and the increasing rate didn’t changed too much; the as-
cast sample has the middle value and small increasing rate; but the annealed sam-
ple has the highest increasing rate in all samples in a composition group of lower
C-Si, seen in Fig. 3, a. The results of the sequential multi-passes tests on pre-worn
surfaces showed that a gradual enlargement of pre-existing cavities in primary
carbides occurs by a fracture near the unsupported edges of the cavities. Figure 3, b
shows that the lower C—Si group has the similar scratch maximum depth with the
higher C—Si in as-cast condition. Under the load of 10 mN, the wear only happened
on the matrix, the A, of annealed sample in the lower C—Si group showed the
largest increasing rate in all samples. The /.« of as-cast sample in the higher C—Si
group showed the larger increasing rate than the corresponding sample in the lower
C-Si group.
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Fig. 3. The results of the sequential multi-passes tests on pre-worn surfaces: heat treatment effect
by 10 mN (a), composition effect by 10 mN (), heat treatment effect by 100 mN (c¢), composi-
tion effect by 100 mN (d): as cast (), annealed (2), hardened (3), lower C-Si (4), higher C-Si
).

Once load of scratch increased to 100 mN, the wear performance is abrasive
wear by the linear increasing of the maximum depth with the test number. Figure 3,
¢ showed the hardened sample has the best wear resistance performance in the
multi-passes by 100 mN test. Figure 3, d showed that the /,,,, of as-cast sample in
higher C-Si group has the higher /.« than the corresponding sample in lower C—Si
group. After 10 passes of scratch tests, the /. is higher 3.5 pm in annealed
sample, and this height is larger than the half of the average grain size of carbides,
and the particle is possibly removed from the matrix. The cracking and fracture are
increasing with the increasing load and number of passes. Based the above results,
the wear resistance performance is not depend only on the carbides’ type and
volume fraction; it is also related to the matrix hardness and hardness distribution.

With the increasing number of scratches passes, the softer hardness of the
matrix has the larger wear volume. The annealed sample in the lower C—Si group
has the largest scratch depth in the matrix for the smallest matrix hardness
(3.2 GPa). With the increased wear test numbers, it showed the largest increasing
rate of Ay, with the increased test number in annealed sample. This means the
annealed sample has the largest wear volume and worst wear resistance
performance, the carbides in the annealed samples are easy to be removed from the
soft matrix and caused the fatigue wear. In total, the scratch depths and the depths
different are directly related the phase hardness.

From the multi-passes scratches tests, the hardened sample has the smallest /i,
and caused smallest wear volume. In the comparison of the heat treatments in two
groups, hardened samples have the smallest wear volume, and largest wear volume
in annealed sample for the highest volume fraction. Under the load of 10 mN, the
abrasive wear related to the hardness and volume fraction of the matrix. The
maximum scratch depth (A,,.«) is affected by the hardness of phases of the material.
Due to the similar hardness of the carbides in each composition group, the higher
hardness of the matrix has the lower /i, in the scratch tests.
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The composition effect of C and Si showed that the as-cast sample in lower
C-Si has the better wear resistance performance. With the increased silicon in the
material, the volume of carbides in increased and improved the hardness
distribution of carbides, the results are presented in the previous work [8].
However, the silicon is also improved the bainite transformation in the matrix and
increased the /Ay, in the higher silicon group. Gross carbide fracture was not
produced during scratch testing even though the loads used were considerably in
excess of those experienced during low-stress abrasion.

As-cast sample in the higher C—Si group is applied to study the relationship of the
wear performance with the increased loads. The abrasive wear is performed by the
straight grooving on the surface by the load of 100 mN. At the load of 200 mN, the
grooving is not straight for the deformation of carbides. The two curves are different
for the cracking at the length about 300 pm and generated the higher depth. After the
load of 300 mN, the serious cracking and damage happened for the different
deformation of discontinuous carbides and matrix in the scratch tests. The difference
deformation between matrix and carbides is increasing with the increased loads, and
the recovering force generates the high side force and bent the groove line from
scratch. The rounding of carbides was shown to be due to a micro-fracture of the sharp
carbide edges left unsupported by the matrix. Scratch tests on pre-worn surfaces
produced no grooves on the carbides even at high loads, and the matrix between the
carbides was protected by the protruding carbides. The results showed the hardness and
hardness distribution in matrix of as-cast sample in higher C—Si group are very
important to support the carbides of the material, and improve the wear performance.

Since the different load has the different scratch depth, the load effect on
different samples is difficult to compare directly. The relative value is used to
evaluate the wear performance of the materials. The relative value is defined by the
data compared to mean in the percentage way, it is expressed as k; = y/y. The
results are presented in Fig. 4. The Ay, is stable changed with increased load. It
means that the load shows little effect on the difference of /.. Due to the wear
resistance of the materials is related to the wear depth in the materials. In this way,
the Amax 1S suggested to represent the abrasiveness of the material.
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Fig. 4. Relative value of A, represent wear performance features of HCCI materials by the load
of 10 (1), 100 (2), 200 (3), 300 (4) mN.

Under the different loads, the A,y is only related with the hardness of the ma-
trix, and little effect by the load. The hardened sample in the higher C—Si group
(Sp 6) has the minimum value in all six samples for the highest carbide volume
fraction by analysis of metallurgical and scratch testes. The annealed sample in the

92 www.ism.kiev.ua/stm



higher C-Si group (Sp 5) has the maximum value for the softest matrix of pearlite.
In the annealed sample of the lower C—Si group (Sp 2) and the as-cast sample in
the higher C—-Si group (Sp 4), the bainite has the larger work harden effect to
strengthen abrasiveness properties of the material, so the abrasiveness value is
higher than that of sample Sp 5. In the as-cast sample in lower C—Si group (Sp 1),
the hard carbides are enhanced by the bound phase of austenite and martensite.

The composition group showed that the lower C—Si group had the better wear
resistance than the higher C—Si group for the finer grain size of carbides with the
same heat treatment. And the heat treatment changed the matrix hardness.
Deformation of the scratch started the soft matrix firstly, which is proved by the
low load of the scratch test. With the increased load, the material generated the
cracking and finally deformed the carbides and generated the serious damage of the
material. The wear resistance is related to the hardness of the matrix and carbides
and their volume fraction. With the higher hardness of the matrix and higher
volume fraction of the carbides, the sample has the better wear resistance. Scratch
tests performed using fragments of carbide debris showed that carbide can cut
through another carbide. It is proposed that the grooves which are produced in the
leading edges of carbides during abrasion are caused by carbide debris.

Effect of the work materials on flank wear was shown in Fig. 5, a. Larger flank
wear was found on the cutting tool after machining the lower C—Si material in
comparison to the flank wear obtained after machining the higher C—Si material. This
could be explained by its higher hardness of matrix in the lower C—Si material than
higher C—Si material. In lower C—Si material, the main part of the matrix is formed
by 52 % of martensite, while the main part of the matrix in the higher C—Si material
is formed by bainite. The hardness of bainite is much lower than of martensite.

Figure 5, a also reveals the effect of the cutting speeds on tool wear when two
materials were tested. The tool wear was clearly influenced more by the cutting
speed when lower C—Si material was cut. The hardness of austenite could be
increased as result of strain hardening at the higher shear rate in higher cutting
speed, which reinforces the total hardness of matrix in this material. However, little
influence on tool wear was found in the machining higher C—Si material.

As mentioned in the above, high-chromium white cast iron is very abrasive
material, causing be embedded hard carbides. The abrasiveness of the materials can
be described by /.« from the scratch test, which is proportional to the amount of
carbides, carbide hardness and the hardness difference between the carbide and
matrix. Figure 5, b reveals the correlation between /,,x and flank wear of the
cutting tool, which suggests that the wear of the cutting tool generated during
machining of the high-chromium white cast iron is pre-dominated by abrasive wear
and the /i, can to some extent predict the machinability of the work material in
terms of the abrasive tool wear.

The wear resistance performance is tested from the different loads in HCCI
materials, the deformation of the scratch is happened in the elastic deformation of
the material, and in the softest matrix the plastic deformation happened firstly.
With the increased load, the material generated the cracking and finally deformed
the carbides of the material seriously. The wear resistance is related with the
hardness of the matrix and carbides, and their volume fraction. With the higher
hardness and higher volume fraction, the sample has the better wear resistance.
From the increased flank wear with the increasing of /., tool wear is mainly
affected by the scratch resistance of the materials. The abrasion resistance
measured by this method has been shown to correlate with Ap,c in scratch test
response and with the performance of ¢cBN tools in cutting tests.
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Fig. 5. Influence of materials on tool wear (@) and the correlation of /,,, with tool wear in ma-
chining (b): v. = 120 (1), 140 (2), 160 (3) m/min.

CONCLUSIONS

Wear resistance of the HCCI materials were characterised with use of nano-
scratch tests on a nanoindentation instrument. Types of carbide and correspondent
volume fraction play a decisive role in the wear resistance of the test materials. The
morphology of carbides and volume fraction are strongly affected by the chemical
composition (carbon and silicon contents) as well as the heat treatment applied on
them. With the increasing scratching load, the composition of the materials demon-
strates a predominate effect in the wear resistance in comparison to the effect of
heat treatment. The maximum scratch depth in nano-scratch test exhibited the good
agreements with wear resistance performance of the HCCI materials.

The correlation of the scratching resistance and tool wear measured in
machining is presented by the flank wear and maximum scratch depth. The
appearance of the cutting edge on a cBN tool suggests that the abrasion wear is
mainly related with combination effect of the carbides and the matrix during
machining the high-chromium white cast iron. From the increased flank wear with
the increasing Am.x, tool wear is mainly affected by the scratch resistance of the
materials. The abrasion resistance measured by this method has been shown to
correlate with A, in scratch test response and with the performance of ¢cBN tools
in cutting tests.
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Hocniooiceno 3nococmiiixicms Oinux 4agymie 3 GUCOKUM BMICHIOM XPOMY Npu
BUKOPUCIAHHT HAHONOOPANAHHA Ol MO20, WO 3PO3YMIMU MeXAHI3M 3HOULYBAHHS NPU 63AEMO-
0l gucokoxpomicmozo 6inoeo uagyny i pizarbHoo incmpymenmy 3 KBH nio uac npoyecy 0o6po6-
Ku. Bunpobyeanns Hanonoopanannam UKOHAHO HA Npunadi Olsi HAHOIHOEHMYBAHHS 3 BUKOPUC-
MAHHAM aAmMazno2o inoenmopa. JIiniini 6aeamonpoxioni noopanuny Ha OOHil i mill e OLAHYI
6y10 3pobieno Ha nonepeoHbO 3HOULEHUX NOBEPXHAX Mamepianie, wjo eunpobysanu. Kopenayito
CHpOmMu8y NOOPANAHHIO i 3HOCY THCMPYMENY, SUMIPAHUX NPU MOYIHHA, GUHAYEHO NPU NOPIG-
HAHHI 3HOCY hanvya i MaKCUMATbHOT 2nUOUHU NOOpANUHY. 308HIWHIL 8UTAO PIdHCYHOI KDOMKU HA
incmpymenmi 3 ¢cBN 0036015 npunycmumu, wo adpasusnuii 3HOC Mamepianry 6 OCHOGHOMY
noe’azanull 3 83aemoliery Kapoioie i mampuyi nio yac 0OPOOKU BUCOKOXPOMUCMO20 011020
uagymy.

Knwwuosi croea: eunpobysanns Ha NOOPANUHU, SUCOKOXPOMUCTUL UYABYH,
PYUHY6anHs, Mexanizm 3Houtyeanns, KbH.

Hccnedosana usnococmoukocms 0enbix 4yeyHO8 C 8bICOKUM COOEPIHCAHUEM
XpOMa npu UCNONb30BAHUU HAHOYAPANAHUE Ol NOHUMAHUS MEXAHUSMA USHOCA NPU 83AUMOOEl-
CMBUU BbICOKOXPOMUCIIO20 0eN020 YyeyHA U pedcywjeco uncmpymenma uz ¢BN 6o epems npo-
yecca obpabomku. Hcnvimanus yapananuem npogoouny Ha npubope HAHOUHOEHMUPOBAHUS C
UCNONbL306AHUEM ATIMA3HO20 UHOeHmopa. JIunelinble MHO20NPOXOOHbIE YAPAnuHbl HA OOHOM U
MOM dice yuacmKe 6bINOMHANU HA NPeO8aAPUMENbHO USHOUEHHBIX NOBEPXHOCIIAX UCTbIMbIEAEMbIX
mamepuanos. Koppensiyusi conpomugienus yapanamuio u usHoca UHCMpYyMeHmd, usmMepeHHo2o
npu moueHuu, NOKA3anHa npu CPABHeHUY USHOCA PIAHYA U MAKCUMATILHOU 2TYOUHOU YapanUHb.
Brewnuii 6uo pedxcyweti kpomku Ha uHcmpymenme u3 cBN csudemenscmeyem o mom, umo
abpasueHvlll USHOC 8 OCHOBHOM CBA3AH C 83AUMOOeliCmeuem Kapouoos u mampuysl npu oopa-
bomKe 8bICOKOXPOMUCHIO20 HEN020 YY2YHa.

Knrwuesvie cnosa: ucnvimanus Ha yapanawue, GblCOKOXPOMUCHBIL YY2VH,
paspyuienue, mexanusm usHoca, cBN.
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