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Abstract: A study of the utilization of WC-Co tool tip scraps as reinforcement in MMC with a
Hadfield austenitic manganese steel matrix was conducted using an in situ metal casting technique.
This study concerns the effect of the heat-treatment process on the cast sample of MMC. The results
show that the heating temperature affects the grain size of the austenite around the interface between
Hadfield austenitic manganese steel and WC-Co tool tip scraps. Heating at high temperatures leads
to an increase in the austenite grain size. Microstructure analysis also shows that the heat-treatment
process does not affect the bond between WC-Co tool tip scraps and Hadfield austenitic manganese
steel. However, mechanical property testing reveals that higher heat-treatment temperatures result in
a decrease in the hardness of the MMC.
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1. Introduction

The demand for material selection in the construction and mining industries, such
as for beaters, crushers, milling machines, and other components, is increasing every
year [1-3]. The chosen materials for these applications need to have high wear resistance,
withstand impact forces, and be resistant to high temperatures. Therefore, material selection
for application in the construction and mining industries is a crucial aspect to enhance
service life and prevent material failures during operational conditions [4].

Hadfield austenitic manganese steel was first discovered by Robert Hadfield in
1882 and is widely used in the construction and mining industries today [5]. Hadfield
austenitic manganese steel is chosen over other similar materials such as martensitic steels
and pearlitic Cr-Mo steels because it possesses high strength, good formability, and ex-
cellent wear resistance [6—11]. The basic chemical composition of Hadfield austenitic
manganese steel consists of 0.9-1.4% C and 11.5-14% Mn, and it exhibits good work harden-
ability. Numerous studies have been conducted to enhance the wear resistance of Hadfield
austenitic manganese steel. One approach is to increase the manganese alloy content up
to 20% [11,12]. Another commonly used method is strain hardening [11-15]. However,
strain hardening alone is not sufficient to significantly improve wear resistance. Moreover,
Hadfield austenitic manganese steel faces challenges such as difficulties in heat treatment
due to carbide formation and relatively poor machinability [16-18].

The utilization of tungsten carbide-cobalt (WC-Co) tip scraps as reinforcement in
Hadfield austenitic manganese steel has been proven to increase the strength and improve
the mechanical properties of the metal matrix composite (MMC) [19]. However, WC-Co
tool tip scraps face the issue of oxidation at high temperatures [20-23].
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In this study, MMC was produced using the in situ casting technique due to its ease
of process, relatively low cost, and lower energy requirements compared to other pro-
cesses [19,24,25]. The in situ cast MMC was subjected to high-temperature heat treatment
to investigate the effect of temperature on the properties of the MMC.

2. Materials and Method

In this study, WC-Co tool tip scraps obtained from the manufacturing process in the
industry, which are no longer used as reinforcement material, were utilized. Hadfield
austenitic manganese steel was used as the metal matrix. The MMC was produced using
the gravity metal casting method. WC-Co tool tip scraps were arranged linearly with equal
spacing in a cavity mold as shown in Figure 1. The melting process of Hadfield austenitic
manganese steel was carried out using a 250 kg capacity induction furnace (Inductotherm).
The molten metal was poured into a sand mold with dimensions of 100 x 80 x 30 mm.
After cooling, the mold was cut into several small samples for material characterization. The
cut samples were heated at temperatures of 600, 700, and 800 °C for two hours, followed
by air cooling to room temperature.

Figure 1. WC-Co tool tip scraps inserted into the mold cavity.

The chemical composition of the molten metal was tested using Optical Emission
Spectroscopy (OES; ARL 3460, Applied Research Laboratories, Balerna, Switzerland) before
the metal was poured into the mold. The results of the OES testing are presented in Table 1.
Another section of the sample underwent metallography preparation and etching using a
5% Nital solution for microstructure testing. Microstructure testing was performed using
an optical microscope (OM; Olympus GX 71, Olympus, Tokyo, Japan). Grain boundary
size measurements were performed using an image analyzer with ASTM E 112 [26] as the
standard. Hardness testing was conducted using the micro-Vickers method (Universal
Hardness Tester Z25N, Zwick Roell, Ulm-Einsingen, Germany) on the MMC surface.
The results of these tests were analyzed simultaneously to determine the influence of
temperature on the material properties.

Table 1. Chemical composition of the Hadfield austenitic manganese steel.

Steel C Si Mn Ni Cr Mo A% Cu Fe
wt.% 1.14 0.48 12.27 0.03 0.55 0.01 0.00 0.04 Bal.
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3. Results and Discussion
3.1. Microstructural Analysis

The analysis of grain boundary size in MMCs with different heating temperatures
is shown in the graph in Figure 2. The results in Figure 2 indicate that heating at 600 °C
resulted in smaller grain sizes compared to 700 °C and 800 °C. The image analyzer results
showed that the grain sizes for MMCs heated at temperatures of 600 °C, 700 °C, and 800 °C
were 33.68 um, 74.98 um, and 96.92 um, respectively. These grain boundary sizes were
then converted to the ASTM E 112 standard, resulting in grain sizes of G 6.50, G 4.19, and
G 3.45 for MMCs heated at temperatures of 600 °C, 700 °C, and 800 °C, respectively. The
microstructure of the MMC at 100 x magnification is shown in Figure 3.
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Figure 2. Grain size of austenite grain boundary at 600, 700, and 800 °C.

Figure 3. The microstructure of the MMC at a magnification of 100, heated at temperatures of (a)
600 °C, (b) 700 °C, and (c) 800 °C.

Figure 4 shows the grain size of austenite within the range of 0-2 mm from the WC-Co
tool tip scrap carbide when heated at a temperature of 700 °C. The grain boundary testing
results indicate that there is an influence when the grain boundaries near the WC-Co tool
tip scraps have smaller grain sizes compared to sizes above 2 mm, as shown in Figure 3b.
This suggests the presence of chilling effects on the formation of grain boundaries during
solidification. As the distance from the WC-Co tool tip scraps decreases, the size of the
austenite grains becomes smaller. Nadi et al. also confirmed the chilling effect resulting
from the addition of WC-Co tool tip scraps [19]. The chilling effect also causes the austenite
grains to become elongated towards the interior of the material as the temperature decreases
and the distance from the WC-Co tool tip scraps increases. Additionally, reheating the test
sample does not eliminate the chilling effect on the austenite grains.

Figure 4 shows the division of areas in the MMC. The image illustrates the microstruc-
ture of the MMCs consisting of three main parts: the matrix zone, transition zone, and
reinforced zone. The matrix zone is the region dominated by Hadfield austenitic man-
ganese steel, the reinforced zone is the area formed by WC-Co tool tip scraps, and the
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transition zone is the boundary region between Hadfield austenitic manganese steel and
WC-Co tool tip scraps. The microstructure results also indicate that there is a mechanical
bond between Hadfield austenitic manganese steel and WC-Co tool tip scraps, which
has been confirmed in previous studies [19]. This mechanical bond is not affected by the
heat-treatment temperature.

Figure 4. Zone variation in MMC heated at 700 °C (magnification 500x).

The microstructure testing results in Figure 5 also confirm the formation of carbides
at the grain boundaries and within the austenite grains. The carbides exhibit a lamellar
morphology and structure, displaying dark and bright regions. Nadi et al. confirmed
that the formed carbides are of the (Fe,Cr);C type. The carbide formation is attributed to
segregation that occurs during the solidification process [19].

Figure 5. The microstructure of the carbide phase formed in the MMC at a temperature of 800 °C
(magnification 500 x).

3.2. Hardness

The results of the hardness testing on the Hadfield austenitic manganese steel matrix
of the MMC at different temperatures are shown in Figure 6. The hardness testing was
conducted at a distance above 2 mm from the interface zone to determine the influence of
temperature on the mechanical properties of the Hadfield austenitic manganese steel matrix.
The test results indicate that the MMC heated at temperatures of 600 °C, 700 °C, and 800 °C
have hardness values of 303, 277, and 231 VHN, respectively, in the Hadfield austenitic
manganese steel matrix region. The hardness of the Hadfield austenitic manganese steel
matrix is influenced by the grain size of the austenite, where smaller grain size leads to a
higher accumulation of carbides at the grain boundaries, thereby increasing the hardness
of the Hadfield austenitic manganese steel matrix.
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Figure 6. Microhardness results of MMC heated at temperatures of 600, 700, and 800 °C.

4. Conclusions

This study examined the effect of heat-treatment temperature on the microstructure
and mechanical properties of a metal matrix composite (MMC) consisting of WC-Co carbide
tool tip scraps as reinforcement and Hadfield austenitic manganese steel as the matrix. The
MMC was fabricated using in situ metal casting. The analysis of the MMC is explained in
the following conclusion:

a. Heat treatment at temperatures of 600, 700, and 800 °C did not cause oxidation of
the MMC.
b.  The grain size of the Hadfield austenitic manganese steel matrix in the MMC heated at

600 °C was smaller, indicated by a grain size number G of 6.50, compared to the MMC
heated at 700 and 800 °C, which had grain sizes of G 4.19 and G 3.45, respectively.

c. There is a mechanical bond between the WC-Co tool tip scraps and Hadfield austenitic
manganese steel. The heat-treatment process does not affect the bond between the
reinforcement and matrix material.

d. The test results showed that the MMC heated at temperatures of 600, 700, and 800 °C
had respective hardness values for the Hadfield austenitic manganese steel matrix of
303,277, and 231 VHN.
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