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Abstract

The As-Cast condition of Hadfield alloy usually contains (Fe, Mn)sC
carbides around the austenitic grains, which promote brittleness,
making the steel impractical in industry. Heat treatment is normally
applied to reduce carbide content, lower carbides, and improve
toughness. However, a complete austenitic structure is not
attainable during solution treatment. The dissolution temperature
and dissolution time are critical to obtaining complete carbide
content. Furthermore, heating must be done slowly, and the
quenching speed must be fast enough. This study examines the
effect of heat rate and austenitization temperatures in the solution
treatment on the microstructure and hardness of Hadfield steel. The
heat rate of 3, 6 and 10 °C/min is selected to determine whether
there is a change in the microstructure of Hadfield steel. The four
austenitization temperatures of 1000, 1100, 1150 and 1200 oC are
used to ascertain carbide dissolution into the austenite matrix. Grain
boundary, hardness, and phase transformation will confirm the
microstructural change and hardness properties. The optical
microscope shows carbide content is reduced as the austenitization
temperature increases. The consequence of carbide dissolution
affects the hardness. Its hardness decreases as temperature
increase due to the loss of carbide. The as-Cast specimen has the
highest hardness of 227.8 HV30, and the lowest hardness is 176.7
HV30 belongs to a specimen that is heated up to 1200 °C and
quenched into water. Grain size is measured by the line intercept
method, which shows its increase as temperatures increase. The
result of grain measurement is as follows: As-Cast 224.6 um, T 1000
°C 323.3 um, T1100 °C 409.2 um, T1150 °C 1014.4 um, T1200 °C
881.6 um. SEM-EDS confirms that the main phase is austenite, and
a small amount of carbide is detected in the austenite matrix.
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INTRODUCTION

Hadfield steel in the As-Cast condition
usually contains (Fe, Mn)3C carbides in the
austenite matrix. It is a common industrial
practice to have solution treatment the alloy
before use so that (Fe, Mn)sC dissolves into
solution giving complete austenitic structure.
Hadfield steel which consists mainly of 1.2 wt%
C and 12 wt% Mn has attracted researchers to

explore and examine it since the first invention
by Robert Hadfield in 1882 [1]. Hadfield steel has
austenite phase at room temperature, which has
exceptionally good work hardening and wear
resistance characteristics. This type of steel is
widely used in in different industries such as
mining, drilling, crusher, cement, and railway [2,
3,4, 5].
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Hadfield steels is manufactured by casting
process, contain carbide (Fe, Mn)3C in the grain
boundary due to slow solidification process [6, 7,
8,9, 10, 11]. Figure1 shows the exemplary carbide
precipitated in grain boundary. The precipitation of
carbide at the grain boundary induces low
toughness [12, 13, 14] and solution treatment of
1050-1200 °C follows by quenching process
should be applied after casting in order to obtain
the homogeneous austenitic structure [2, 6, 10,
13, 15, 16]. The solution treatment was conducted
by [17][18] at temperatures of 1100 °C, 1150 °C
and 1200 °C for 40, 80 and 240 minutes,
respectively. The higher the temperature the
carbide content decrease dramatically. Different
approach in solution treatment was used to
achieve low carbide content [15] by heating
Hadfield specimen at different temperature 970
°C, 1060 °C, 1150 °C and soaking time 30, 60
minutes. After reaching austenitization
temperatures the specimens were directly
quenched in choppy water. Two cycles processes
[19, 20, 21] was performed in solution treatment,
the initial temperature is 600 °C and then
increased until 1020-1100 °C.

Influence of temperature and soaking time
is reported by [22][23]. They performed
experiment on Hadfield steel using different
temperature 1000 °C, 1050 °C dan 1100 °C and
soaking time of 1.5 hrs, 2 hrs and 3 hrs. After
solution anneal the samples were quenched into
water [24] and salt solution. Initially, carbides that
is high at grain boundary gradually decrease as
temperatures increase. Grain size was also bigger
as soaking time prolonged.

The soaking time in austenitization
temperatures determine the microstructures of
Hadfield steel, increasing soaking time make the
grains growth [15]. Soaking time of 240 minutes
was still not produced austenite phase that free of
carbide [17]. Initial pre-heat at 650 °C for 3 hours
was intended to dissolve pearlite and later
increase austenite transformation, increase
carbon solution in the austenite matrix [10].

Heating rate of 6 °C/min and 12 °C/min was
reported in [19], while the heating rate of 1.67
°C/min and 75 °C/h was addressed by [10] and
[25], respectively. But the information of heating
rate in obtaining fully austenite phase is
insufficient.

Proper heat treatments to obtain a
completely austenitic structure depend on four
main parameters dissolution temperature, soaking
time, heating rate and quenching medium. The
first two parameters are critical, while the heating
rate prevent internal crack and cooling speed must
be sufficient to minimize carbide segregation [16].
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Figure 1. Optical micrograph of samples annelid

at a). 970 °C, b). 1060 °C and c). 1150 °C for 30
minutes [15]

However, the combination of the above
parameters is dependent on the composition of
Hadfield steel [26]. The primary purpose of this
study was to determine the effect of solution
treatment mainly heat rate and austenitization
temperature in reducing carbides content and the
hardness properties.

Here, the Hadfield samples were solution
treated in tube furnace to obtain fully austenite
phase and followed by water quenched.
Subsequently, the microstructure and mechanical
properties were analysed to understand the
microstructure and property relationship.

MATERIAL AND METHOD

The sample of Hadfield steel was
produced by sand casting process, melted in
induction furnace, and pouring temperature is
about 1460 °C. The mould is made of zircon sand
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and the products have initial dimensions of 250
mm x 250 mm x 50 mm (width x length x depth).
The Hadfield steel used in this study was selected
from an Mn austenitic Hadfield steel of ASTM A-
128 type C but lower Mn content. The composition
of elements is characterized by Optical Emission
Spectroscopy (OES) shown in Table 1.

To examine the simultaneous effects of the
heating rate and austenitizing temperature the
Hadfield steel structure, 8 samples was cut in the
dimensions of 4x5x7 mm. Four samples were
used for solution treatment with different heating
rates and austenitization temperatures and
another four samples for solution treatment. The
design of experiment is shown in Table 2.

Samples S1-S8 were solution treated at
different temperatures of 1000 °C, 1100 °C, 1150
°C and 1200 °C and the soaking time is 30
minutes, as presented in Figure2. At the end of the
process, sample was quenched in water.
Microstructure is observed by optical microscope
after grinding and polishing, nital etched with 10-
15 % solution followed by HCI 10% immersion for
about one second. Heating rate treatments was
controlled at 3, 6 and 10 °C/min, fast quenching in
water as well. Grinding was done using sandpaper
with the mesh from 400-5000. Diamond paste and
Colloidal silica was used for polishing.

Hardness measurements were made by
micro-Vickers method model Future tech FV-810
with a load of 30 kgf. The hardness values were
measured at three different point and the average
of the hardness number is presented.

Microstructure of polished samples was
observed using Optical Microscopy (OM) using
Keyence VHZST. SEM-EDS model JEOL JSM IT-
100 was used to identify microstructure and phase
qualitatively.

Table 1. Hadfield steel composition (wt%)
C Mn Cr Si(max) P (max) Fe
123 10.61 212 04 0.035 Bal

Table 2. Different specimens of Hadfield steel
with different solution treatment processes

Austenitization Heat rate so_akmg
No temperature, Ty o . time
(°C) ("C/min) (min)
As-Cast - - -
S1 1000 10 30
S2 1100 10 30
S3 1150 10 30
S4 1200 10 30
S5 1150 3 30
S6 1150 6 30
S7 1200 3 30
S8 1200 6 30

ToC 4

1200
1150

1100

1000

t (minutes)
Quenching medium is water

Figure 2. lllustration of solution treatment process

RESULTS AND DISCUSSION

Figure3 shows optical microscopy of As-
Cast Hadfield steel and solution treated samples
at different austenitization temperatures. The
magnification is 200x and the scale of all images
is 250 pm, but the scale for As-Cast image is 150
um to depict a larger area. The heat rate used for
samples S1-S4 was 10 °C/min. Figure 3(a) shows
that the As-Cast sample consist of the austenite
matrix and non-dissolved carbides at grain
boundary as similarly reported by previous
researchers [9, 10, 15, 18]. Figure 3(b)-3(e)
display the effect austenitization temperature of
Hadfield steel observed under optical microscope.
The bright colour represents the austenite matrix
while the black spot or area represents carbides.
Hadfield steel mainly consists of austenite phase
due to high concentrations of carbon and
manganese. Carbide was formed due to the
presence of high carbon and carbide forming
elements such as Mn and Cr. Most carbide
precipitate along grain boundary during slow
solidification process.

Figure 3(b) exhibit microstructure of
Hadfield steel after solution treatment at Ty 1000
°C. The presence of carbides is still frequent, but
grain size is increased compared to As-Cast
sample. Due to high percentage of Cr (> 2 wt%), it
stabilized carbide formation.

Higher solution treatment temperature for
Hadfield steel is necessary prior to water
quenching [6]. As austenitization temperature
increased (1100- 1200 °C) the number of carbides
decrease but the grain size coarser as illustrated
in Figure 3(c) — 3(e).

The influence of heating rate is depicted in
Figure 4(a) — 4(d). It is confirmed that the heating
rate of 3 °C/min and 6 °C/min did not produce
internal crack.
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Figure 3. Optical Microscopy (OM) of the Hadfield steel samples at different austenitization
temperatures a). As-Cast, b). Ty 1000 °C, c). Ty 1100, d). Ty 1150 °C, e). Ty 1200 °C

At lower heating rate, 3 °C/min, the number
of carbides is lesser compared to samples that
have been heated at higher heating rate 6 °C/min).
It is because the time of carbon dissolution is
sufficient to dissolve into the austenite matrix,
slower heating rate affect the growth of grain and
produces bigger grain size.

SEM-EDS was performed for the sample
As-Cast and sample S4 which was solution
treated at 1200 °C. Figure 5 and Figure 6 shows

the selected points (Point A to Point F) from SEM
to identify the element and carbide distribution of
As-Cast and S4 sample, respectively.

EDS Map sum spectrum of As-Cast is
shown in Figure 7 and EDS Map sum spectrum of
S4 sample is shown and Figure 8. EDS spectrum
result showing the individual element of As-Cast
and S4 sample is summarised in Table 3 and Table
4,
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Figure 4. Optical micrograph heat treated at different Ty and heating rate a). Ty1150 °C, 3 °C/min, b).
Ty 1150 °C 6 °C/min, c). Ty 1200 °C 3 °C/min, d). Ty 1200 °C 6 °C/min

Electron Image 16

100m

Figure 5. SEM of As-Cast sample

Comparing Figure 5 and Figure 6 confirms
that carbide content is reduce from As-Cast state
and solution treated. Carbides are apparently
seen at the grain boundary, as shown in Figure 5,
compared to Figure 6. The carbide forming
element (e.g., Mn, Cr) lessens As-Cast to S4
sample, as indicated in Table 3 and Table 4.

Electron Image 13

100pm

Figure 6. SEM of sample S4 (Ty 1200 °C)

Grain size result of the samples is depicted
in Figure 9. Grain size is measured by line
intercept method and the result show its increase
as temperatures increases [16]. As-Cast sample
has the smallest grain size of 224.6 um. Sample
S1 has the grain size value of 323.3 um, S2 409.2
um. S3 1014.4 um and S4 881.6 um.
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Figure 7. EDS Map sum spectrum for As-Cast
sample

Figure 8. EDS Map sum spectrum for S4 sample

Table 3. EDS spectrum result of As-Cast sample

Table 4. EDS spectrum result of sample
S4 (Ty 1200 °C)

Spot A Spot B Spot C
Element —lio,  ath  wit%  at%  wit%  at%
Fe 86.3 7942 80.03 7212 8545 77.19
Mn 9.69 9.06 13.73 12.58 9.85 9.05
C 2.27 9.72 2.88 12.06 2.82 11.84
Cr 1.62 1.61 3.36 3.25 1.71 1.66
P 0.12 0.19 0 0 0.13 0.21
S 0 0 0 0 0.04 0.06
Total 100 100 100 100 100 100
Spot D Spot E Spot F
Element —lion  ate  wit%  at%  wit%  at%
Fe 85.17 76.94 8498 7694 78.08 64.87
Mn 10.03 9.21 10.31 9.49 13.09 11.05
C 2.81 11.82 2.76 11.61 5.22 20.18
Cr 1.82 1.77 1.86 1.81 2.4 2.14
P 0.13 0.21 0.08 0.13 0.2 0.31
S 0.03 0.04 0.02 0.02 1 1.45

Total 100 100 100 100 100 100

Spot A Spot B Spot C
Element — o,  at%  wt%  at%h wit%  at%
Fe 83.8 69.99 61.1 4471 53.29 23.56
Mn 9.08 7.71 19.96 14.84 6.73 3.03
C 5.3 20.59 9.75 33.18 33.98 69.85
Cr 1.7 1.52 9.08 714 3.69 1.75
P 0.1 0.15 0.05 0.07 1.36 1.08
S 0.02 0.03 0.05 0.07 0.95 0.73
Total 100 100 100 100 100 100
Spot D Spot E Spot F
Element — o,  at%h  wt%  at% wi%  at%
Fe 60.75 45.64 74.37 10.28 11.11 6.36
Mn 20.07 15.33 13.37 2.76 4771 27.74
C 8.74 30.52 8.65 56.25 15.28 40.63
Cr 10.27 8.29 3.4 3043 143 0.88
P 0.06 0.08 0.16 0.22 0 0
S 0.11 0.14 0.05 0.06 24.48 24.39

Total 100 100 100 100 100 100

The grain size increase as austenitization
temperature increase due to grain growth
mechanisms. The grain size affects the strength
(yield stress) of metallic materials as well as
Hadfield steel, the theory by the Hall-Petch
equation [27][28]. Smaller grain hinders the
deformation mechanism by dislocation or twin.
Smaller grain size contributes to the higher
hardness of Hadfield steel as shown in Figure 10.

The hardness distribution of samples is
presented in Figure 10. From left to right the
hardness tends to decrease. The carbide is hard
compared to austenite phase. As carbide
decrease the hardness of sample is decreased as
well.
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Figure 9. Grain size distribution of samples from
left to right: As-Cast, S1, S2, S3 and S4
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Figure 10. Hardness result of samples from left to
right: As-Cast, S1, S2, S3 and S4

Analysis also found that this trend relevant
with the grain size distribution. The hardness of
As-Cast and solution-treated samples is averaged
as follows As-Cast 227.8 HV30, Ty 1000 °C 204,9
HV30, Ty 1100 °C 177,7 HV30, Ty 1150 °C 187,8
HV30 dan Ty 1200 °C 176,7 HV30.

CONCLUSION
From the results of the experiment, it can be
concluded that as follows. The increasing solution

246

H. Wahyudi et al., The influence of heat rate and austenitization temperature ...



p-ISSN: 1410-2331 e-ISSN: 2460-1217

treatment temperatures from 1000, 1100, 1150
and 1200 °C dissolve more carbides of the
Hadfield steel into austenite matrix. It is quite
apparent from the microstructure of the As-Cast
alloys that is consisted of an austenite matrix with
carbides along the grain boundaries. The grain
size increase as austenitization temperature
increase. As-Cast sample has the smallest grain
size of 2246 um and at austenitization
temperature of 1000, 1100, 1150 and 1200 °C, the
grain size is 323.3 um, 409.2 um, 1014.4 um and
881.6 um, respectively. The decrease in hardness
was influenced by the morphology and distribution
of the carbides in the As-Cast and solution treated
samples. As-Cast has the highest hardness 227.8
HV30. It decreases as  austenitization
temperatures decrease: Ty 1000 °C 204,9 HV30,
Ty 1100 °C 177,7 HV30, Ty 1150 °C 187,8 HV30
dan Ty 1200 °C 176,7 HV30.
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