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Hardening Due to Vanadium Carbides Formed
During Short-Time Aging of Hadfield Steels

JIANGTING WANG, GUILLAUME BRUEL, ZHIYANG WANG,
ELLIOT PAUL GILBERT, PAVEL CIZEK, SANTIAGO CORUJEIRA-GALLO,
DANIEL FABIJANIC, and MATTHEW BARNETT

Precipitation hardening is a promising approach for strengthening of Hadfield steels. The
present study examines the potential to achieve this by combining vanadium addition (up to 2
wt pct) with short-time aging (15 minutes) at 1173 K (900 �C). It was found that such a
treatment is sufficient to generate a dispersion of nanoscale precipitates that provided a
significant increase in hardness. Small-angle neutron scattering and transmission electron
microscopy measurements were performed to quantify the particle dispersion, and Orowan
precipitate hardening predictions made using the parameters thus obtained show good
correspondence with the observed rates of age hardening, suggesting the precipitates are
resistant to shearing. The present steels containing vanadium showed a small reduction in
work-hardening capacity and this is believed to be due to carbon depletion from the matrix. It is
concluded that the addition of vanadium and a short aging treatment at 1173 K (900 �C)
provide a promising pathway to imparting hardness increases that provide gouge resistance
during the running-in period of components made from Hadfield steel. For optimum
performance, additional carbon should be added to maintain the solute carbon content of the
matrix, and hence the matrix work-hardening rate.
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I. INTRODUCTION

HADFIELD steels are a well-known class of steels
excellent in high stress abrasion resistance. However,
significant material loss due to gouging can occur during
their initial ‘running-in’ period, as their work-hardened
structure is being formed.[1,2] Such can be the case, for
example, with crawler shoes employed in the undercarriage
of mining machines where the tribo-system comprises two
and/or three body wear under high loads and where single
scratch (gouging) events can lead to significant material
removal in short periods of time.

Precipitation of fine carbides via alloying with vana-
dium,[3] titanium,[4] and niobium[5] can provide additional
hardness which in turn can bolster gouging resistance,[6]

which is critical during these early stages of use. A challenge

in pursuing this strategy is to arrive at a suitable dispersion
and to avoid formationof harmful carbides,whichdegrades
toughness.[7,8] Vanadium (V) is particularly attractive.[9–14]

Althoughaging at temperatures in the rangeof 673 to 773 K
(400 to 500 �C) has been proposed for a 0.6C-17Mn-0.45 V
(in wt pct), grade[13,14] precipitation is possible at higher
temperatures.[10] Higher temperature aging is more desir-
able due to the ability to avoid harmful carbide formation
and to potentially achieve shorter treatment times but the
extent towhich the favorable nanoscale precipitates, such as
those reported in references,[13,14] form at higher tempera-
tures is unclear.
The present communication seeks to assess the

potential of employing a short (< 1 hour) high-temper-
ature aging step in the manufacture of V containing
Hadfield steel to form a fine dispersion of carbides. The
particle dispersion is quantified using an advanced
small-angle neutron scattering (SANS) technique, and
the gouging resistance of the steels is characterized in the
as-manufactured and work-hardened conditions.

II. METHODOLOGY

Three alloys are examined; a high-carbon Hadfield
steel (referred to as HC) and two V-alloyed Hadfield
steels (referred to as HC-1 V and HC-2 V). Table I lists
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their compositions. The levels of V chosen are 1 pct and
2 pct by weight. The former represents a composition
where much of the primary VC is expected to be able to
solutionized, while the latter provides a microstructure
where the primary and secondary VC particles are
expected to be almost balanced. Ingots of 80 9 25
9 8 mm (for each composition) were cast using an arc
melting furnace (Arcast Arc200). A homogenization
treatment was carried out at 1423 K (1150 �C) for
8 hours using a vacuum furnace (Camco), followed by
furnace cooling. A solution treatment was then con-
ducted at 1423 K (1150 �C) for 30 minutes in a fluidised
bed (ALS Technologies Quad Furnace) followed by
water quenching. The aging treatment was subsequently
performed at 1173 K (900 �C) in the fluidized bed
furnace for 15 minutes, 30 minutes, 1 hour, or 3 hours,
followed by air cooling to room temperature. The
equilibrium predictions in Figure 1 (made using the
Thermo-Calc 2017b software with the TCFE9 database)
show that the homogenizing and solution treatments
should lead to partial dissolution of vanadium carbide,
leaving some primary carbide while providing solute V
for re-precipitation during aging. The aging temperature
chosen should achieve significant precipitation of VC
while avoiding any cementite formation.

Samples were mechanically polished with diamond sus-
pensions, followed by OPS colloidal silica suspension. The
samples were then etched using 4 pct Nital for 10 seconds.
Optical micrographs were taken using an Olympus DP27
microscope. Grain sizemeasurements were performed using
the intercept method. SEM observations were performed
using a Zeiss Supra 55VP FEG-SEM operated at 10 kV.
Energy-Dispersive Spectroscopy (EDS) mapping was con-
ducted using the Oxford X-Max 20/50 detector in a Zeiss
Supra55VPFEG-SEMoperatedat 20 kV.X-raydiffraction
(XRD)measurements were performed over a 2h range of 35
to 100 deg, with a step size of 0.02 deg and 3 seconds
integration time, using a PANalytical X’pert ProMRDXL
diffractometer equipped with a Cu Ka radiation source.
TEMsampleswere electropolishedwith 5pct perchloric acid
inmethanol at 243 K(� 30 �C)andavoltageof 25 Vusinga
twin-jet electro-polisher (Struers Tenupol-5). TEMobserva-
tions were performed using a JEOL 2100F FEG-TEM
operated at 200 kV. Vickers macro-hardness and
micro-hardness tests were conducted with indentation loads
of 3 kg and 25 g, respectively, in accordancewith theASTM
standard E92-17, using a Struers Durascan 20. Ten indents
were performed for each sample, and the standard deviation
over these hardnessmeasurementswasused todetermine the
error bars.

SANS experiments were conducted to measure the
nanoscale precipitates in the aged steels using the
QUOKKA instrument[15] at the Australian Nuclear

Science and Technology Organisation (ANSTO). The
solution-treated steel specimens were also measured by
SANS to determine the structural background.
Plate-like specimens for SANS analysis were mechani-
cally polished down to the thickness of ~ 270 to ~ 290
lm to minimize the potential for multiple scattering. A
neutron beam with a wavelength (k) of 5 Å and 10 pct
resolution and three sample-to-detector distances of 1.3,
8, and 20 m were used in the SANS measurements. In
these experimental configurations, the scattering data in
a Q-range of approximately 0.0029 to 0.75 Å�1 were
collected, where Q is the magnitude of the scattering
vector defined by Q ¼ 4psinh=k (2h is the scattering
angle). The collected SANS data were reduced and
corrected onto an absolute scale based on the attenuated
direct beam intensities.
The SANS data were analyzed using the Irena

software package[16] assuming a Gaussian size distribu-
tion of the nanoscale precipitates and no inter-precip-
itate scattering. The absolute SANS intensities, I(Q),
were fitted to the following function, using a cube form
factor [F(Q, R)][17] for the nanoscale carbide precipita-
tion based on the TEM observations.

I Qð Þ ¼ Dqð Þ2/p

Z 1

0

f Rð ÞVp Rð ÞF Q;Rð Þ2dRþ P Qð Þ

þ background ½1�

where Dq is the difference in the neutron scattering length
density (SLD) between the precipitate (qp) and the matrix

(qm), /p is the precipitate volume fraction, f(R) is the

applied Gaussian particle size distribution function, and
Vp(R) is the volume of the precipitate particles with a
radius R. The neutron SLD of the steel matrix is calculated
to be qm ¼ 6.50 9 10–6 Å�2, and the qp for the VC

carbides is determined to be 3.46 9 10–6 Å�2. In addition
to the scattering contribution from the nanoscale carbide

Fig. 1—CALPHAD (Thermo-Calc) predictions of equilibrium phase
fractions at heat treatment temperatures. For the sake of calculation,
150 ppm of N was assumed to have been picked up in the hot metal
and thereby incorporated into VC, substituting into a small fraction
of the C sites. This has a negligible impact on the predictions.

Table I. Casting Compositions of the Steels in wt pct with Fe

as Balanced

Sample Mn (wt pct) C (wt pct ) V (wt pct )

HC 13.3 1.2 –
HC-1 V 13.1 1.1 1.2
HC-2 V 12.8 1.2 2.3
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precipitation, the matrix scattering due to the large
precipitates (300 to 500 nm) is modeled with a Porod

function (PðQÞ ¼ KpQ
�4)[18] and a flat instrumental

background is also considered in the performed model
fitting analysis.

The gouging resistance was assessed by scratch tests
using the Bruker UMT Tribolab, fitted with a standard
Rockwell tip having a 120 deg cone angle and a 0.2 mm
tip radius. Scratches of 15 mm in length were conducted
at a speed of 0.1 mm/s at specific constant loads (50,
100, 200 and 400 N) on the surface. The scratches were
performed 4 mm apart so that the tested area was free of
strain from previous scratches. The scratch profiles were
determined using a 3D optical profilometer (Olympus
LEXT OLS4100). After determining the profiles of the
scratches, the wear losses were measured as volume per
length of scratch, in mm3 mm�1, by subtracting the area
of the trench AT by those of the ridges (AR1 and AR2), as
representatively shown in Figure 2(a). Data analysis was
carried out using the MountainsMap� Imaging Topog-
raphy v7.4 software. The morphology of the scratches
from the top was observed using a Zeiss Supra 55VP
SEM operated at 10 kV.

Dual-indenter scratch tests can reveal the gouging
resistance of a work-hardened surface by performing a
small indenter scratch inside a large pre-scratched track.[19]

This method has been proposed to rank materials based
on their relative gouging abrasion resistance. Large
work-hardened (WH) tracks were created by performing
15-mm-long scratches using the Bruker UMT Tribolab,
fitted with a WC-Co ball with a 6.35 mm diameter. The
applied load was 1500 N, and the sliding speed was
0.1 mm/s; 5 passes were required to reach saturation.
Electron Backscatter Diffraction (EBSD) maps were
conducted on the cross-sections of selected samples to
observe the deformation under the WH tracks.

Once the WH track was created, gouging wear resis-
tance was also assessed inside the WH track with a
standard Rockwell tip having a 120 deg cone angle and a
0.2 mm tip radius. A 10-mm-long scratch was conducted
at a speed of 0.1 mm/s at various constant loads (50, 100,

200, and 400 N) within the WH track. The profile
produced by the WC-Co ball was used as a baseline, and
the areas were obtained by integrating the profiles.
Figure 2(b) shows the 2D profile from the optical pro-
filometry of a scratch produced inside a WH track. The
curvature of the WH surface was subtracted to obtain the
profile of the scratch for wear loss analysis [Figure 2(a)].

III. RESULTS

The evolution of hardness with the aging time for all the
studied steels is given in Figure 3. The solution-treated HC
steel (base steel) had a hardness of 227 ± 17 HV. With the
V addition to the base steel, the hardness increased to
270 ± 17 HV and 287 ± 5 HV for the solution-treated
HC-1 V and HC-2 V steels, respectively. Significant age
hardening—of the order of 150 HV—is achieved within an
aging time as short as 15 minutes in the V containing
grades. With longer aging times, the hardness drops
slightly. Characterization of the samples subjected to
15 minutes aging is presented in what follows.

Fig. 2—(a) Wear depth profile of a scratch. (b) Extraction of equivalent scratch from a curved WH track surface.

Fig. 3—Age hardening response of the HC, HC-1 V, and HC-2 V
steels.
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Figure 4 shows optical micrographs of the 15-minutes
aged HC-1 V and HC-2 V steels (labeled ‘aged HC-1 V’
and ‘aged HC-2 V’ from hereon out), which exhibit grain
sizes of 121 ± 24 lm and 138 ± 20 lm, respectively. The
HC grade displayed a grain size of the order of 250 lm. A
moderate grain refining effect of V addition is thus present.
Primary precipitates can be seen relatively evenly dis-
tributed in dendrite-like patterns within grain interiors
though some carbides can also be seen on the grain
boundaries. The microstructures were further observed
using SEM imaging. EDS analysis of the sample contain-
ing 2 pct V is presented in Figure 5. No Mn and V
segregation is seen over the 100 mm image (showing the
efficacy of the present homogenisation treatment), while V
containing primary precipitates are clearly seen. Image
analysis of secondary electron images was employed to

determine the size and fraction of primary particles (see
Table II). The mean particle sizes fall in the range 300 to
500 nm. The volume fraction of submicron precipitates in
the aged HC-2 V steel (2.74 ± 0.28 pct) was almost twice
of that in the aged HC-1 V steel.
In the solution-treated HC-1 V steel, only submicron

particles were observed at grain boundaries, and no
nanoscale precipitates were present in the grain interior.
In contrast, a large population of nanoscale precipitates
were observed in the aged HC-1 V steel [Figure 6(a)].
The nanoscale precipitates had cuboidal shapes, and
their sizes were approximately 10 to 20 nm. EDS maps
[Figure 6(c)] show that the nanoscale precipitates were
composed of V and C and depleted of Mn. The electron
diffraction pattern in Figure 6(b) confirms that the
nanoscale precipitates are vanadium carbide (VC),
having a cube-on-cube orientation relationship with
the face-centered cubic austenitic matrix.[20]

Table II. Volume Fraction and Mean Size of Globular
Precipitates in 15 minutes Aged Steels

ST HC-1 V
Aged

HC-1 V
Aged

HC-2 V

Volume fraction
(percent)

1.12 ± 0.06 1.41 ± 0.23 2.74 ± 0.28

Mean size (nm) 383 ± 51 400 ± 57 333 ± 42Fig. 4—Optical micrographs of (a) aged HC-1 V steel, and (b) aged
HC-2 V steel (aging for 15 minutes) at 1173 K (900 �C).

Fig. 5—EDS maps of the aged HC-2 V steel (aged for 15 minutes).
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Although TEM observation can reveal crystal struc-
ture and size of nanoscale precipitates, it probes a
limited volume of material and hence cannot provide
accurate statistical quantification of the precipitation
size distribution and volume fraction. In contrast, SANS
analysis can reveal information on the nanoscale pre-
cipitates in a bulk specimen with far greater statistical
precision ostensibly due to the beam sizes used and the
sample volume simultaneously probed.[21] The SANS
patterns of the studied steels are shown in Figure 7(a).

Note that for the two solution-treated specimens, the
SANS intensities increase with the V addition. This is
attributed to the enhanced matrix scattering arising from
the formation of submicron precipitates in the size range of
300 to 500 nm in the V-alloyed steels. Figure 7(a) further
shows the increased SANS intensities after aging and the
development of signals in the Q-range< ~ 6 9 10–2 Å�1,
which is caused by the formation of nanoscale precipitates
in the size scale of approximately 10 to 20 nm in the aged
steels. A marked difference in the Q-range of these signals

Fig. 6—TEM observations of the aged HC-1 V steel (aged for 15 minutes). (a) Bright-field image, (b) selected area diffraction pattern, and (c)
STEM-EDS maps.

Fig. 7—(a) SANS patterns for the V-alloyed steels. (b) Size distribution of nanoscale precipitates determined from fitting to the SANS data.
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is also observed in the aged steels that appears to be
consistent with the particle size information. The size
distribution of fine precipitates determined from fitting the
SANS data is presented in Figure 7(b) for the aged
HC-1 V and HC-2 V steels. Most of the fine precipitates
are seen to be less than 20 nm in size, which is consistent
with TEM observations. The particle sizes and volume
fractions derived from the SANS data are presented in
Table III. The mean size of precipitates in the aged
HC-2 V steel is slightly larger than that in the aged
HC-1 V steel. However, the size distribution peak of
precipitates in the aged HC-2 V steels is broader and lower
than that in the aged HC-1 V steels [Figure 7(b)], indicat-
ing a slightly lower volume fraction in the aged HC-2 V
steel than the aged HC-1 V steel.

The gouging resistance was assessed by scratch tests at
various loads (i.e., 50 to 400 N, see Figure 8). In
Figure 8, the wear loss increases with an increasing load.
However, the slope strongly depends on the V content
and the heat treatment condition. With the 1 wt pct V
addition, the solution-treated HC-1 V steel showed
superior gouging resistance, compared to the solu-
tion-treated HC steel. Aging treatment further improves
the gouging wear resistance of the HC-1 V steel.
However, the aged HC-2 V steel only had slight
improvement in gouging wear resistance over the aged
HC-1 V steel. Aging lowered the material loss during
gouging by up to a factor of three.

Figure 9 shows the SEM observations of the scratch
trenches on the as-heat treated surfaces. Traces of

slipping and twinning were observed on the ridge of
scratch trenches. The deformation traces in the solu-
tion-treated HC steel extended more than 100 lm away
from the edge of scratch trench, but those in the aged
V-alloyed steels were only about 50 lm wide. In
addition, the surface of the scratch trench was smooth
for the solution-treated HC steel, but cracks were
observed in the scratch trenches of the aged V-alloyed
steels.
To evaluate the gouging wear resistance of a

work-hardened surface, scratch tests were performed
inside work-hardened wear tracks. The wear losses as a
function of load are presented in Figure 10 (the scatter
arises mostly from variability stemming from changes in
scratch location in the prior groove and the impact this
has upon accurately determining the baseline for the
groove geometry analysis). The wear loss increased with
increasing load, as would be expected, but the rate of
increase dropped at higher loads for the aged samples.
At lower loads, the non-aged samples displayed a lower
degree of material loss than for aged samples. At higher
loads, the aged samples showed similar or greater
resistance to material removal compared to the
non-aged samples.

IV. DISCUSSION

The present work demonstrates that nanoscale vana-
dium carbides can be formed in a Hadfield steel with
vanadium additions using a short 15-minutes aging
treatment at 1173 K (900 �C). It is proposed that it is
predominantly these carbides that are responsible for
the potentially useful increases in hardness and gouging
resistance seen in the study. However, the gouging
resistance was not raised in all cases. Rationale for these
observations is provided in what follows.
A number of authors have successfully employed the

Orowan bypass model to analyze the strengthening
contributions of vanadium carbide particles with a
similar size range to those seen in the present
work.[11,22–26] We adopt this model as a means of
obtaining an (upper) estimate of the contribution of the
present particles to the strength. The precipita-
tion-strengthening effect (increase in the yield strength),
Dr, can thus be given by

Drp ¼ 0:538Gb/p1=2

2R
ln

R

b

� �
½2�

in which, b is the Burger’s vector (0.25 nm), G is the
shear modulus (62 GPa), R is the mean radius of
precipitates, and /p is the volume fraction. The SANS

measurement provided important statistics on the size
and volume fraction of nanoscale precipitates
(Table III). The calculated precipitation strengthening
contributed by primary and secondary VC carbides is
listed in Table IV. A similar level of precipitation
strengthening was reported for 0.9 wt pct V additions to
a Fe-22Mn-0.6C matrix.[11] Assuming a strength/hard-
ness ratio of 3.03:1,[27] the precipitation strengthening
calculated by Ashby-Orowan equation is close to the

Table III. Size and Volume Fraction of Fine Precipitates

Measured from SANS Data

Sample
Nano-precipitate mean size

(L, nm)
Volume fraction

(/p, pct)

Aged
HC-1 V

11.1 ± 0.06 1.7 ± 0.02

Aged
HC-2 V

13.7 ± 0.02 1.4 ± 0.03

Fig. 8—Wear loss induced by the scratch test as a function of
applied load in the solution-treated HC, solution-treated HC-1 V,
aged HC-1 V, and aged HC-2 V steels.
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measured hardness increase contributed by secondary
precipitates (Table IV). This suggests that the present
particles are indeed resistant to shearing, as assumed by
the Orowan model.

To help understand the resistance to gouging in the
present samples, the material loss upon gouging is
plotted against hardness in Figure 11 for all of the tests
performed at a load of 400 N. Wear loss was found to
decrease with increasing the hardness for the as-heat
treated condition [Figure 11(a)]. This correlates well
with the depth of the scratch trench [Figure 11(c)]. The
trench depth is one indicator of the severity of wear[28,29]

and is of course expected to be heavily dependent upon
material hardness. However, Figure 11(b) shows higher
wear rates for the harder of the work-hardened samples.
It is also seen that these are the solution-treated samples,
which display higher work hardening most likely due to
higher levels of carbon in the austenite matrix. It is
known that wear resistance often increases with hard-
ness up to a point, beyond which little change is

seen.[30,31] A simple rationale for this phenomenon in the
present case is that the harder work-hardened samples
experience a loss in ductility which leads to higher rates
of material removal.
To gain insight into this phenomenon, the cut-

ting-to-ploughing ratio was established for the present
scratch results using

f ¼ ½AT � ðAR1 þ AR2Þ�=AT ½3�

where the terms are defined in Figure 2 above. High
values of this term indicate greater amounts of material
removal. A value of 1 reflects cutting and 0 indicates
ploughing. The evolution of this parameter with the
depth of the scratch is plotted in Figure 11(d). It is
evident that the work-hardened samples show higher
amounts of material removal (an increased tendency for
cutting) despite lower scratch depths. The capability of a
material to accommodate plastic deformation and to
work-harden has a strong influence in its abrasive wear
resistance and in the transition between ploughing,

Table IV. Precipitation Strengthening Contributed by Primary and Secondary VC Carbides

ST HC-1 V Aged HC-1 V Aged HC-2 V

Strengthening by primary precipitates (MPa) 15.3 16.5 26.9
Strengthening by secondary precipitates (MPa) — 303.7 238.4
Equivalent hardness* increase (HV) — 100.2 78.7
Measured hardness increment by aging (HV) — 105 80

*Assuming an empirical strength/hardness ratio of 3.03:1, a relationship that is seen to hold for austenitic steels to an accuracy of the order
of ± 10 pct.[27]

Fig. 9—SEM images of scratch trench surfaces. (a) solution-treated HC steel, (b) aged HC-1 V steel, and (c) aged HC-2 V steel.
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wedging, and cutting regimes.[29,32] This increase in the
amount of cutting mode with work hardening has been
seen by others[33–35] and can be attributed to damage
accumulation and the concomitant loss of ductility.

A key objective of the present work was to explore a
means of obtaining an increase the initial hardness of
the high Mn steel (via precipitation strengthening) to
improve the wear resistance during the initial stages of a
product’s use. In this regard, the study has been
successful. However, it turns out that the aged samples
displayed lower capacities for work hardening. All the
hardness results are summarized in Figure 12 along with
the source of the hardness. The reduced amounts of
work hardening that are seen in the aged samples can be
evidenced also in the narrowed deformation zones
adjacent to the scratches seen in Figure 9 and in the
reduced penetration of deformation under the scratches
illustrated in the Electron Backscatter Diffraction maps
in Figure 13. Several authors have studied the interac-
tion of twins with carbide precipitates in high Mn steels,
and the effect on the work-hardening rate.[9,36,37] It was
found that the presence of carbides did not block the
propagation of micro-twins, although the carbides acted
as obstacles for their propagation.[36,37] It is possible
that this mechanism may also be contributing to the
yield strength. However, carbon-depleted austenite
around the carbides has been found to be more

Fig. 10—Wear losses induced by scratch test as function of applied
load in work-hardened gouge tracks.

Fig. 11—Scratch and hardness parameters for scratches performed at 400 N. Material loss against hardness for (a) as-heat treated and (b)
work-hardened conditions, respectively. (c) Trench depth and shoulder height established from scratch profiles. (d) Relationship between
cutting-to-ploughing ratio, f, and scratch depth.
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unstable and transformed into e-martensite upon defor-
mation.[36] Consequently, a decrease in the work-hard-
ening rate at larger strains was seen.[9] As noted above,
the origin of lowered work-hardening rates in the aged
vanadium containing samples in the present study is
likely to be the depletion of carbon from the matrix. The
CALPHAD equilibrium level of C in the matrix at the
present aging temperature is 0.41 wt pct C for both of
the present V added grades. This deficit is something
that can be readily remedied in an application of the
present work in practice by adding carbon in conjunc-
tion with vanadium.

V. CONCLUSIONS

� Short aging treatments of the order of 15 minutes at
1173 K (900 �C) are sufficient to generate a disper-
sion of nanoscale precipitates in a Hadfield steel
containing 1 to 2 wt pct of vanadium. Steels
subjected to this treatment display an increase in
hardness and up to a factor three increase in gouging
resistance in the as-processed state.

� Small-angle neutron scattering and transmission
electron microscopy experiments were performed to
quantify the particle dispersion and Orowan precip-
itate hardening predictions made using the param-
eters thus obtained show good correspondence with
the observed rates of age hardening, in agreement
with previous studies, suggesting the precipitates are
resistant to shearing.

� After vanadium addition and aging, the work-hard-
ened state steels showed a small reduction in
work-hardening capacity and resistance to gouging,
for low load gouging. This is believed to be due to
carbon depletion from the matrix.

� The addition of vanadium and a short aging
treatment at 1173 K (900 �C) provides a promising
pathway to imparting gouge resistance during the

wear-in period of components made from Hadfield
steel. For optimum performance, additional carbon
should be added to maintain the solute carbon
content of the matrix, and hence the matrix
work-hardening rate.
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