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This study focussed on the work hardening behaviour and microstructure of austenitic manganese
steel relative to premature failure of crusher jaws. Samples of sound and failed crusher jaws were
taken, the change with depth from the working surface to the sample core was measured and their
microstructures observed. The study revealed a sharp hardness gradient in the failed crusher jaws,
and presence of large carbides at both the austenite grain boundaries and in the austenite matrix. The
failure of crusher jaws was attributed to brittle fracture as a result of precipitates of carbides from the
inability of precipitated carbides to absorb shock during impact working. Finally, we conclude that
the failure occurred as a result of inadequate quenching operations during the manufacturing process
that resulted in the formation of carbide precipitates which embrittle the austenitic manganese steel,
reduce its ability to withstand shock and create a non uniform plastic flow as it is work hardening.
Keywords: brittle fracture, carbides, embrittlement, grain boundary, microstructure

1. Introduction
Austenitic manganese steel, also called Hadfield steel,
after its inventor Sir Robert Hadfield who patented the
steel in 1882, has the chemical composition of 1.2%C and
12%Mn. This alloy possesses unique resistance to impact
and abrasion wear. It exhibits high levels of ductility and
toughness and slow crack propagation rates, in comparison
to other potentially competitive materials. It is also nonmagnetic and can work harden during service or can be
surface-hardened to as high as 450 HB by mechanical or
explosive means prior to service1,2.
Hadfield steels have the ability to harden in-depth in
service as well as by induced means. Work hardening is
usually induced by impact, as from hammer blows. Light
blows, even if they are of high velocity, cause shallow
deformation with only superficial hardening even though the
resulting surface hardness is ordinarily high. Heavy impact
produces deeper hardening; usually with lower values of
surface hardness3. Manganese steels are unequalled in their
ability to harden, exceeding even the metal stable austenitic
stainless steels. For example, standard grades of manganese
steel containing 1.0 to 1.4% C and 10 to 14% Mn can work
harden from initial of 220 Hv to a maximum of more than
900 Hv4-6.
Indeed Hadfield steel is a remarkable engineering alloy
which in fully solutionized form is soft and ductile but
when deformed, it work hardens rapidly. Work hardening
mechanisms, impact wear, abrasive wear and the alloying of
austenitic manganese steel have been investigated by several
researchers and results have shown that under repeated
impact and abrasive wear it work hardens rapidly and
displays remarkable toughness7-21. Several other works on
its surface treatment have also proved that surface treatment
*e-mail: jooolawale@yahoo.com

increases its surface hardness and wear resistance 22-25.
However, the rate of work hardening depends primarily on
the amount of carbon in solution in the austenite matrix and
the presence of a fine dispersion of carbides. The presence,
amount and dispersion of carbides significantly influence
the wear resistance of the alloy and, if the carbides form
interconnected grain boundary films they seriously impair
the impact strength8. The embrittling intergranular carbides
are formed during solidification because of a slow rate of
cooling or precipitation during reheating at a temperature
range of 400˚C-800 °C[26].
The embrittling carbides present in as-cast structure
are removed by solution treatment and quenching. A
common industrial practice is to heat treat the material at
high temperature, soaks for one hour per 25 mm thickness,
and followed by water quenching. It has been found that
treatment temperature in the range of 950 °C to 1100 °C give
required mechanical properties because this temperature
range slightly influences grain size, stress limit and hardness
of austenitic manganese steel. But treatment at temperatures
higher than 1150 °C results in the growth of austenite grain
size and the decrease of mechanical properties27. Also, it
was found that the cooling rate during quenching period of
heavy section is relatively low and the opportunity of carbide
precipitate formation during the heat treatment increases28.
Shabnam and Mohammad observed that enhancing
quenching solution cooling rate, the precipitation of carbides
will decrease and the austenite matrix will retains more
carbon as soluble carbon after heat treatment operation29.
So solution heat treatment carried out in the temperature
range of 950 °C to 1050 °C and rapid quenching after the
casting process will maintain the homogeneous austenitic
structure. The resulting retained austenite structure with a
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large amount of carbon gives these steels their high impact
toughness and high strain hardening rate capacity, which
gives them their excellent impact abrasion resistance. Hence,
solution treatment makes these steels very soft (190 HB)
and as noted earlier, impact deformation can increase its
surface hardness even to about 500 HB30.
From all these past works Hadfield steel is considered
an alloy with inherent toughness, work hardening
characteristics and excellent resistance to some types of
adhesive and abrasive wears1-30. These unique properties
of Hadfield steel therefore make it a suitable candidate
material for the production of crusher jaws. However, it
was reported that some of the crusher jaws used in crushing
granite in Nigeria failed prematurely by fracturing across
the teeth while some worn-out to paper thin. Hence, the
current research studies the work hardening behaviour
and microstructure of Hadfield steel that might lead to
premature failure.

3000 kg using a dwell time of 15 seconds on a Houndsfield
extensometer. The diameter of the impression left by the ball
was then measured using a Brinell calibrated hand lens and
the corresponding Brinell hardness number was determined.

2. Experimental Procedure

2.5. Heat treatment

One sample of sound crusher jaw (S) and four samples of
failed crusher jaws (F1, F2, F3 and F4) were selected for this
study. The service conditions were evaluated, the chemical
composition were analysed by spectrometer, the changes
in the hardness with the increasing depth were measured
using Houndsfield extensometer in compression mode,
and the impact strengths were measured using Izod impact
tests. The microstructures were then observed through
metallographic techniques.

Three specimens (150 mm × 150 mm × 250 mm cubic
shaped) were prepared by sand casting of 1.3% C-0.6%
Mn-13% Mn steel (grade B4) which represent the thickness
of general crusher jaws4,31. Two of these specimens were
solution heat treated. The specimens were heated up to
1050 °C for 11 hours, soaked for 10 hours at 1050 °C, and
rapidly quenched in water bath. Two different quenching
operations were used; a specimen was rapidly quenched
in water with agitation while the other in water without
agitation.

2.1. Background information
Information pertaining to the service conditions that
presumably led to failure, prior manufacturing process,
pertinent codes, specification, standard and the number of
tonnage of rocks crushed before broken were collated. The
method and pattern of loading were also critically observed.

2.2. Chemical analysis
Chemical composition was determined by spectrometric
analysis using the spectrometer ARL 3460 model. Four
cylindrical samples (F1, F2, F3 and F4) of about 40 mm
diameter each with 5 mm thickness were taken from failed
crusher jaws and one sample (S) of the same dimension was
taken from a sound crusher jaw. The selected samples were
sparked inside the spectrometer and the resultant elemental
compositions of each of the samples were taken.

2.3. Measurement of hardness values
The hardness attained at various depths from the
working surface to the core of imported and locally
produced crusher jaws were measured to determine the
extent of plastic flow and work hardening under service
conditions. The working surface of the samples were made
a reference point (0 mm) and calibrated to equal distance
of 10 mm along a direction perpendicular to their working
surface towards the core of the sample, to a total distance of
120 mm. The test was carried out by polishing the surface
of the specimens to 600 microns, pressing a steel ball of
10 mm diameter against the polished surface with a load of

2.4. Measurement of impact strength
The impact strength of both the sound and failed samples
of crusher jaws was measured using the Izod impact test
method on a Houndsfield balance impact-testing machine
as per. Five (5) samples of sound crusher jaw and five
(5) samples each of failed crusher jaws were machined
to 10 mm × 10 mm × 75 mm square cross sections and
V-notched (2-mm depth and included angle 45°) at 28 mm
distance from one end, and then tested for impact strength.
The amount of impact energy absorbed by each specimen
before yielding was taken as a measurement of impact
strength in Joules. The average values from the five test
samples are reported here.

2.6. Microstructural analysis
Samples for microstructural investigation were
taken from S1, F1, F2, F3 and F4, as-cast specimen,
and heat treated specimens. The samples were cut with
a wire cutting machine to prevent the work hardening or
phase transformation by heat effect during machining.
Thereafter they were taken through metallographic
techniques: mounting, flattening, grinding and polishing.
The microstructures were then examined by optical
microscopy after etching with 2 ½% nital solutions, rinsed in
methanol and retched in 15% HCl. The fractions of resulting
phases were measured using linear intercept method.

3. Results and Discussion
3.1. Results
From the evaluation of service conditions the crusher
jaws are used in crushing machines for crushing of rocks
into granites for road building and civil works. All crushers
work with a pair of crusher jaws: fixed jaws and swing jaws.
Both are fixed in a vertical position at the front end of a
hollow rectangular frame. The swing jaw is moved against
the fixed jaws under a high compressive force to break rocks
into granules. Thus, the crusher jaws must be quite hard to
crush rocks and also be tough enough to be able to absorb
the impact energy generated by the swing jaws.
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The processing history of failed crusher jaws indicates
that they were cast from grade B4, heat treated up to 1050 °C
and rapidly quenched in water bath without agitation.
The number of tonnage of rocks crushed by the crusher
jaws selected for this study is presented in Figure 1. The
results of the chemical composition tests of the sound
crusher jaw (S) and failed crusher jaws (F1, F2, F3 and F4) are
presented in Table 1. The Brinell hardnesses at various case
depths are presented in Figure 2 to 5. The impact strengths
for both sound and failed crusher jaws are presented in
Figure 6.
The observed microstructures of the samples are shown
in Figures 7 to 14. Figures 7 and 12 shows austenite structure
while Figures  8 to 13 show austenite structure with large
carbide at the grain boundaries and in the grain. The carbide
fraction in each sample is presented in Figure 15.
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Crusher jaws must combine both high toughness and
good resistance to wear. This is the reasons why Hadfield
steels that possess this unique resistance to impact and
abrasion wears are used for its production. Hadfield steels

exhibit high levels of ductility and toughness and slow crack
propagation rates, in comparison with other competitive
materials4,32. Since austenitic manganese steels meet the
requirements of service conditions the operating conditions
might not be responsible for premature failure.
The chemical analysis of samples taken from the
sound and failed crusher jaws revealed that their chemical
compositions grade B4 (Table 1)33. Hence, the premature
fracture of the failed crusher jaws cannot be attributed to
an incorrect chemical composition.
The microstructure of the sound crusher jaw sample
revealed austenitic grains as shown in Figure 7. The black
lines are austenite grain boundaries. However, all the
samples taken from failed crusher jaws revealed either
austenitic grains with large carbide at the grain boundaries
or large carbide at the grain boundary and in the grain as
shown in Figures 8 to 11. The dark greyish constituents are
large carbides, which are at the grain boundaries and in the
grain. These large carbides at the grain boundaries and in
the grain caused the early fractures34,35.
The microstructure of as-cast sample revealed large
carbide along the austenite grain boundaries (Figure 12) but

Figure 1. The number of tonnage of rocks crushed before failure.

Figure 2. Hardness Value vs Depth for S and F1.

3.2. Discussion

Table 1. Results of spectrometric analysis.
Element

Sample S

Sample F1

Sample F2

Sample F3

Sample F4

Fe
C
Mn
Si
P
S
Cr
Ni
Cu
Mo
V
Ti
Al
Mg
Sn
As
Co
W

Balance
1.355
12.90
0.850
0.050
0.004
0.013
0.022
0.012
0.052
0.020
0.007
0.050
0.005
0.015
0.006
0.050
0.050

Balance
1.280
12.10
0.555
0.060
0.005
0.058
0.020
0.013
0.032
0.088
0.015
0.050
0.005
0.013
0.013
0.050
0.050

Balance
1.250
12.70
0.650
0.060
0.002
0.011
0.019
0.012
0.056
0.007
0.005
0.050
0.005
0.018
0.020
0.050
0.050

Balance
1.275
12.45
0.950
0.050
0.001
0.013
0.018
0.022
0.034
0.005
0.019
0.050
0.005
0.018
0.016
0.050
0.050

Balance
1.250
11.50
0.600
0.045
0.007
0.015
0.021
0.020
0.027
0.018
0.012
0.050
0.005
0.022
0.017
0.050
0.050
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Figure 3. Hardness Value vs Depth for S and F2.

Figure 7. Optical micrograph of sample of sound crusher jaw(s)
showing austenite grain boundaries in austenite matrix.

Figure 4. Hardness Value vs Depth for S and F3.

Figure 8. Optical micrograph of sample of failed crusher jaw
(F1). The microstructure shows large carbides at austenite grain
boundaries and in the grains of austenite matrix.

Figure 5. Hardness Value vs Depth for S and F4.

Figure 6. Impact Strength from Sample taken from Sound and
Failed Crusher Jaws.

Figure 9. Optical micrograph of sample of failed crusher jaw
(F2). The microstructure shows large carbides at austenite grain
boundaries.

Figure 10. Optical micrograph of sample of failed crusher jaw
(F3). The microstructure shows large carbides that are mainly at
austenite grain boundaries.
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Figure 11. Optical micrograph of sample of failed crusher jaw
(F4). The microstructure shows large carbides, which are mainly
at austenite grain boundaries and sparsely in the austenite matrix.

heat treated sample that was rapidly quenched in water bath
without agitation revealed precipitation of carbide along the
austenite grain boundaries (Figure 13). However, the heat
treated sample that was rapidly quenched in agitated water
revealed austenitic grains (Figure 14).
Alloying elements such as carbon, manganese and
chromium in austenitic manganese steel increase wear
resistance. The presence of these alloying elements in
austenitic manganese steel can lead to the formation of
cementite carbides, (Fe, Mn)3C. These carbides possess
very high hardness and increase the wear resistance in
steels in proportion to the volume fraction of the carbide5,28.
During autenitising, these carbides saturate the austenite
and can result in a favourable condition for development or
precipitation of carbides along the austenite grain boundaries
and in the grains of austenite matrix. Because of the presence
of these carbides, failed crusher jaws have a high value of
hardness and low impact strength (Figures 2 to 6). The high
impact strength coupled with low hardness value of the
sound crusher jaw explains why it did not fail in service.
The presence of carbide at the grain boundaries
corroborates the findings of Annette et al. which presented
that boron in austenitic manganese steel leads to the
formation of carboboride. This resulted in an increase in
its abrasive wear resistance at the surface of the steel but
impeded it at softer matrix36. The carbide precipitates have
been found to play important roles in the hardness and
abrasion resistance, and they also affect microstructure of
austenitic manganese steel37,38. The presence, amount and
dispersion of carbides have been found to significantly
influence the wear resistance of austenitic manganese steel
and impair its impact strength8. According to Allahkaram
the precipitation of carbides along the grain boundaries act
as a pre-existing crack path along which cracks initiate,
propagate and failure eventually occur39.
In as-cast sample large clusters of carbides were detected
along grain boundaries because of low cooling rate during
solidification. Carbides are generally developed on grain
boundaries and between dendrites during solidification.
Solution treatment dissolves these carbides and quenching in
agitated water produces a homogeneous austenitic structure.
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Figure 12. Optical micrograph of as-cast sample. The microstructure
shows large carbides at austenite grain boundaries and in the grains
of austenite matrix.

Figure 13. Optical micrograph of heat treated sample in water bath
without agitation. The microstructure shows carbides precipitate
along austenite grain boundaries.

Figure 14. Optical micrograph of heat treated sample in agitated
water bath. The microstructure shows austenite grain boundaries
in austenite matrix.

However, cooling rate during quenching period in water bath
without agitation is relatively low and given opportunity for
carbide precipitation along the grain boundaries. Due to
relatively low heat conductivity in this quenching method
carbides precipitate as transgranular in the austenite matrix
and grain boundaries as can be seen in Figures 8 to 11. As
could be expected, cooling rate decreases with increment
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in section thickness while carbide volume increases with
section thickness. This is in agreement with the work of
Shabnam and Mohammad who stated that volume of carbide
precipitate in austenitic manganese steel corresponds to its
cooling rate29. Since the thermal history of failed crusher
jaws indicates that they were quenched rapidly in water bath
without agitation the different volume fractions of carbide
observed in them can be attributed to their various section
thickness (Figure 15).
The hardness at various depths attained by sound and
various failed crusher jaw samples shown in Figures 2 to
5 confirmed that jaw crusher work hardened under the
compressive action of crushing. Hardness is found to
decrease inwardly from working surface to the core. This
is because during impact blows, austenitic manganese
steel develops surface hardness. However, the hardness
values of sound crusher jaws changed gradually from the
working surface to the core unlike the change in hardness
values of failed crusher jaws (Figures 2 to 5). This means
that austenitic manganese steels have the ability to harden
inwardly in service but the extent of plastic flow and work
hardening of sound crusher jaws is better than failed ones.
The hardness values of failed crusher jaw samples were
higher than that of sound crusher jaws from the working
surface to the depth of 95 mm while it is lower from depth
of 50 mm to 120 mm (Figures 2 to 5). This hardness gradient
indicates that there is no uniform plastic flow during work
hardening of failed crusher jaws. The implication of this is
that the failed crusher jaws did not combine the appreciable
hardness and impact strength required for crushing
(Figure 6). As a result of inadequate impact strength, failed
crusher jaws were unable to withstand impact blows during
crushing and hence failed by brittle fracture.
It was also observed that as the volume fraction
of carbides precipitate in the grain boundaries and
austenite matrix increased, hardness of the crusher jaws
increased while the ability to withstand impact blow
reduces. This observation is in line with the outcome of
findings of Kuyucak and Zavadil which stated that the

Figure 15. Percentage volume fraction of carbide precipitate.

1279

degree of embrittlement in austenitic manganese steels
depends on the degree of grain boundary coverage by the
embrittling phases and it is quantitatively related to impact
toughness40. The volume fraction of carbide precipitate in
sample F1 (67 %) is more than F4 (42 %), F3 (24 %) and F2
(20 %) in that order (Figures 8 to 11). In sample F1 and F4
the carbides precipitated are at both the grain boundaries
and austenite matrix but it is sparsely concentrated in
the austenite matrix in sample F4. In sample F2 and F3
carbides only precipitated along the grain boundaries
but the concentration is greater in sample F 3. This is
the reason why the hardness value of samples F1, F4, F3
and F2 is higher than that of sample S from the working
surface to the depth of 95 mm; 85 mm, 50 mm and 65
mm respectively (Figures 2 to 5). The concentration of
precipitated carbides also explains why the impact strength
of F1 is lower than F4, F3 and F2 in that order (Figure 6).
There is also correlation between the impact strength and
the number of tonnage of rock crushed by crusher jaws
before their eventual failure. As impact strength increases
the run tonnage also increases (Figures 1 and 6).
From the analysis of the results obtained in this study
it can be stated that the properties of austenitic manganese
steel are greatly influenced by the heat treatment process.
Solution treatment and quenching process should be
properly controlled in order to obtain homogeneous
austenitic structure. The solution temperature should be
high enough to dissolve carbide precipitates formed during
casting while the rate of heat conductivity during quenching
should be high enough to prevent carbide precipitation. It can
therefore be concluded that the crusher jaws failed as a result
of low heat conductivity during the quenching operation
that resulted in precipitation of carbides. The embrittling
carbides minimize the impact strength of the crusher jaws
and reduce their ability to absorb shock while crushing to
the extent of volume fraction of precipitated carbide.

4. Conclusion
The failure of crusher jaws can be attributed to brittle
fracture as a result of precipitates of carbides at the grains
boundaries and in the grains. Inability of precipitated
carbides to absorb shock under working conditions due to
their embrittlement results in low impact strength of failed
crusher jaws. The extent of concentration of these carbides
determines the amount of embrittlement and the ability
to withstand shock. It was also found that the hardness
decreases inwardly from working surface to the core which
indicates that crusher jaws work harden in service. However,
there is no uniform plastic flow during work hardening of
failed crusher jaws as compared with that of sound ones.
Finally, we conclude that the failure occurs as a result
of inadequate quenching operation during manufacturing
process that resulted in formation of carbide precipitates
which embrittle the jaw crushers, reduce the ability to
withstand shock and create a non uniform plastic flow during
work hardening.
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