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This contribution is divided into two sections. The first one deals with identifying the cause of fracture in a ring,
which fractured after weld surfacing. Optical and scanning electron microscopy and hardness testing were em-
ployed. Chemical composition was determined using the GDOES and EDX methods. Although weld surfacing has
led to fracture in the base material, the actual problem was in the inadequate microstructure of the base material.
Microscopic analysis revealed that it was heterogeneous. It contained distinctive segregation bands with bands of
complex carbides and pearlite colonies, which are undesirable. The microstructure of this steel should be fully
austenitic. In order to remove the heterogeneities, solution annealing was proposed and carried out successfully.
The second section of this paper explores the options for revealing the microstructure of Hadfield steel. Etching

reagents from the literature and authors’ experience were put to test.
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1 Introduction

Hadfield steel is an austenitic manganese steel known
for high wear resistance and toughness. In the as-cast
state, its microstructure is characterized by an austenititc
matrix (owing to high manganese content — 12%) with
carbide precipitates (these are present due to high levels
of carbon (1.2%) and carbide formers — Fe, Mn and Cr)
and small colonies of pearlite resulting from carbon ha-
ving been rejected from the austenite during cooling.
These carbides are found along grain boundaries, in inter-
dendritic areas and within grains. Interdendritic carbides
can be fairly massive, particularly at triple points, and are
sometimes embedded lamellar carbide regions [1, 2, 3].
The above aspects impair the toughness of this steel. To
ensure that components made of this steel are reliable in
service, a metallurgist needs to reduce the amount of car-
bide precipitates and/or change their morphology by me-
ans of heat treatment. Usually, austenitic manganese ste-
els are solution annealed at temperatures around 1050°C
for one hour per inch of thickness, and then water-quen-
ched. This should produce a fully-austenitic
microstructure. Manganese steels which contain chro-
mium or vanadium should be solution-annealed as high
as 1180°C. It is because these alloy additions contribute
to the stability of the carbides in cast steel. At ordinary
solution annealing temperatures, these carbides do not
dissolve completely [4].

Austenitic manganese steels are difficult to weld,
owing to their high carbon and manganese levels and low
thermal conductivity. If they are to be welded, stringent
welding procedures must be followed and the process
temperature must be monitored. Short weld runs perfor-
med in several layers are recommended. Post-weld heat
treatment is indispensable. Since welding with oxygen
mixtures mostly causes embrittlement, it is not used for
Hadfield steel in practice. The preferred welding and
cladding method for Hadfield steel is arc welding. To pre-
vent hot cracking, phosphorus level must be kept below
0.03% [4, 5]. In welding austenitic manganese steels, the

primary concern is to avoid heating of the base material
which would lead to embrittlement and carbide precipita-
tion. Hence, pre-heating of the base material is ruled out.
Under even the most favourable conditions, one should
expect some carbides to form, while at the same time the
toughness in the HAZ rarely matches that of the base ma-
terial. Austenitic manganese steel undergoes work harde-
ning in service which means that a surface which suffered
damage and requires repair can be expected to be work-
hardened. The material in such spots should be removed
before welding in order to prevent cracking in the HAZ.
Poor thermal conductivity and high thermal expansion of
austenitic manganese steels may lead to difficulties, such
as steep temperature gradients and residual stresses.
While cooling, the weld joint develops severe internal
stresses. They can be minimized by applying compressive
stress to the weld while it is still hot. This prevent cracks
from opening and helps to close them [4, 5].

2 Experiments

A detailed analysis of a failed weldment was conduc-
ted. The ability of several etching reagents to reveal vari-
ous microstructural constituents was tested. A ring of aus-
tenitic manganese steel X120Mn12 had the following di-
mensions: 270 mm (outer diameter), 250 mm (inner dia-
meter) and 15 mm (thickness). After weld surfacing, it
developed a crack which originated in the surface of the
base material. A metallographic section through the ring
was prepared in accordance with [6]. It was examined
using ZEISS Observer.Zlm optical microscope and
PHILIPS 30XL ESEM electron microscope which was
equipped with an EDX analyzer. A microhardness depth
profile was measured. Identities of microstructural con-
stituents were confirmed by microhardness measurement
using a Dura Scan 70GS5 hardness tester.

3 Results and discussion

The micrograph in Fig. 1, which was taken at 25x
magnification, shows fractures in both base material and
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the weld metal. First, the weld joint, the weld metal and
the heat-affected zone (HAZ) were inspected. A depth
profile of microhardness was measured across the weld
metal and the base material. The microhardness plot was
without abrupt variations. In the HAZ, no grain coarse-
ning or other significant negative changes in terms of
phases were detected. However, several transgranular
cracks were found under the overlay, as shown in Fig. 2.
Their appearance was that of burnt material. In this re-
gion, chemical analysis indicated 1.56% chromium and
0.74% nickel. It suggests that these cracks formed in the
course of welding. Cracks were also detected in the weld
metal. The weld metal was found to contain much less
nickel than the recommended type of filler wires for sur-
facing [7]. Therefore, it can be presumed that the
prescribed welding procedure was not followed. As a
consequence, cracks formed in the weld metal and in the
region beneath the weld overlay. Although it is certain
that these deficiencies contributed to fracturing in the
base material, its main cause is associated with the base
material itself. A detailed analysis of the base material is
given below.

The first step involved chemical analysis using the
GDOES method. The chemical composition specified in
the relevant standard is given in Tab. 1. The results of the
chemical analysis are shown in Tab. 2. The actual chemi-
cal composition meets the standard, except for C and Mn.
The carbon level is below the lower limit specified by the
standard. By contrast, the amount of manganese is higher
than the upper limit. This can be attributed to segregation
of the two elements.

Tab. 1 Chemical composition of X120Mnl2 steel.
C [wt.%] Si [wt.%]
1.10-1.30 0.30-0.50

Tab. 2 Results of chemical analysis [7].
C [wt.%] Si [wt.%]
0.991 0.403 13.5

12.0-13.0

Microstructure observation was another step in the in-
vestigation. When analysing the microstructure, one can
refer to the Fe-C-Mn equilibrium diagram for 13% man-
ganese level, which is shown in Fig. 3. At higher tempe-
ratures, homogeneous austenite is present in the entire
cast part. When temperature decreases very slowly below
Acm, binary carbides (Fe,Mn);C precipitate as envelopes
around austenite grains. In addition, the carbides often
forms in interdendritic regions. They may also grow as
needles into the austenite phase. The silicon content and
the time at temperature play an important role here. Sili-
con reduces solubility of carbon in austenite, leading to
precipitation of carbides. At silicon levels above approx.
0.8% wt., carbides grow more rapidly. The steel then
exhibits a behaviour which is normally associated with
higher levels of carbon. By contrast, at less than 0.3% wt.
Si, the temperature of carbide formation may decrease.
Eventually, carbides may take the form of needles within
austenite grains. The longer the time at temperature, the
greater the number of needles. The needles grow from the
phase interface between austenite and carbide envelopes

Mn [wt.%]
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Fig. I Macrograph of cracks in the weld metal and a
fracture in the base material.

Fig. 2 Cracks in the base material, 50 ml HCI+25 ml
CoHsO+0.1 ml H>O,.

P [wt.%] S [wt.%] Cr [wt.%]

max. 0.100 max. 0.040 max. 1.50

P [wt.%] S [wt.%] Cr [wt.%]
0.0193 - 0.487

[2, 3,4]. As temperature decreases further (700 to 500°C),
some austenite in regions adjacent to the carbide envelo-
pes may decompose into very fine pearlite. Between 600
and 450°C, the carbide phase may grow in interdendritic
spaces, in a manner similar to the above description. The
growth of carbides, together with austenite decarbu-
rization, may lead to partial martensitic transformation.
The mechanism is associated with the effect of the carbon
level on the Ms temperature and the effect of the content
of carbon in the matrix on stacking fault energy (SFE) [2,
3]. It follows from the above explanation that the resultant
microstructure of austenitic manganese steels depends
primarily on the rate of cooling of the melt in a mould and
the chemical composition of the melt.

Segregation bands were found using an optical
microscope, see Fig. 4. The micrograph on the left was
taken at 25x
magnification. The detail on the right was taken at 500x%.
This occurrence is definitely undesirable, as the steel
should possess fully-austenitic microstructure, without
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carbide precipitates if possible. Using EDX, increased le-
vels of manganese and carbon were found in these bands.
Manganese and carbon segregation has led to formation
of complex carbides in these regions. The material fractu-
red in one of these segregation bands, as evidenced by
Fig. 5, which shows two fracture locations in the base ma-
terial where the crack follows the carbide segregation
bands. The micrographs were taken at 500x magnifica-
tion. This segregation definitely could not have formed
during welding. It formed after the steel had been poured.
To remove it, the cast steel should have been solution an-
nealed.

In addition to the segregation bands, many pearlite co-
lonies were found, as illustrated in Fig. 6, left. The micro-
graph on the right in Fig. 6 shows another undesirable
phase: carbides in the form of envelopes along austenite
grain boundaries and needles emanating from the envelo-
pes or existing within austenite grains. The micrograph
was taken at 1000x magnification. Microhardness was

measured to confirm the presence of pearlite colonies.

§

In an attempt to remove all the above-described
microstructural heterogeneities, solution annealing was
performed. The sequence comprised heating to 1050°C,
holding for 1 hour and subsequent water quenching [7].
The specimen was wrapped in a special protective foil to
prevent  decarburization. The  solution-annealed
microstructure is shown in Fig. 7. The micrographs were
taken at 100x and 200x magnification. Microstructural

Fig. 5 Segregation bands around a fracture in the base material, Klemm I.

Their microhardness was 543 = 96.5 HV 0.01. The micro-
hardness of austenite grains was 311 £45.5 HV 0.01.
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Fig. 3 Section through the Fe-C-Mn ternary diagram for
13% Mn [8, 9].

heterogeneities were successfully removed by this pro-
cess. The result was an austenitic structure with a small
amount of carbides along grain boundaries. However, the
time at temperature proved longer than necessary, given
the small size of the specimen, which was evidenced by
the fact that the austenite grain had coarsened. The initial
G6 size increased to G4. This negative effect could be
avoided if the annealing time were shorter.
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Fig. 6 Pearlite colonies and carbides within and along the boundaries of grains, Klemm 1.

Fig. 7 Post-anneal microstructure, nital.

The second section of this contribution describes a
search for a suitable etchant for this steel with heteroge-
neous microstructure. The following reagents are recom-
mended for etching manganese steels: nital, picral, cyclic
etch, Villela's reagent and boiling alkaline sodium picrate
[3]. The following reagents were actually used in this ex-
periment: Adler’s reagent, 50 ml HCI + 25 ml C;HeO
+0.1 ml H,O; [6], Klemm I, Murakami’s solution, nital
and Vilella’s reagent. The micrographs below were taken
at 1000x magnification.

Fig. 9 Microstructure after etching with 50 ml HCI + 25
ml C;HsO + 0.1 ml H>O>.

Adler’s reagent is recommended for etching high-
alloy and corrosion-resistant steels and cobalt and nickel
alloys [10]. As seen in Fig. 8, this etchant highlighted aus-
tenite grains, carbides along grain boundaries and carbide
needles in the grain interior. Pearlite colonies were reve-
aled incompletely. A solution that consists of 50 ml HCI
+ 25 ml C;HgO + 0.1 ml H»O; is excellent for revealing
fully-austenitic microstructure [6]. A microstructure reve-
aled using this etchant is shown in Fig. 9. Almost all
microstructural constituents were highlighted, except for
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pearlite colonies. Klemm I is used for etching unalloyed
or low-alloy steels, cast iron, manganese steels and zinc
and its alloys [10]. It was chosen for its ability to highlight
manganese segregation. The result is shown in Fig. 10.
The shade of colour of the segregation band differs from
the surroundings, probably due to an oxide film. With this
reagent, the other microstructural constituents became vi-
sible as well. Murakami’s reagent is mostly used for
etching tungsten, tungsten-nickel alloys and for chro-
mium steels [10].

W,

& i - o

Fig. 10 Microstructure revealed by etching with Klemm
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Fig. 11 Micrograph after etching with Murakami’s rea-
gent

Fig. 12 Microstructure upon etching with nital

The reason for choosing this etchant was the ability to
reveal chromium carbides, Fig. 11. The etch highlighted
grain boundary regions with carbides. However, they
were identified by EDX analysis as manganese carbides

and not chromium carbides. The grey regions were pro-
bably pearlite colonies. Nital is the most commonly-used
etching reagent for steels. Most often, these are carbon
and low-alloy steels. A nital-etched microstructure is
shown in Fig. 12. All microstructural constituents were
revealed successfully. However, the use of nital on this
steel leads to an oxide film. The film can be removed by
swabbing with or immersing in 10% HCl solution [3]. Vi-
lella’s reagent is used for etching ferritic chromium steels,
austenitic chromium-nickel steels and austenitic cast ste-
els [10]. An example of a microstructure etched with this
reagent is shown in Fig. 13. Except for poorly-resolved
pearlite colonies, all microstructural constituents are vi-
sible [11, 12, 13].

- LN s
Fig. 13 Microstructure revealed by etching with Vi-
lella’s reagent.

4 Conclusion

This contribution was divided into two sections. The
first one dealt with identifying the cause of fracture in a
ring, which fractured after weld surfacing. First, the weld
joint, the weld metal and the heat-affected zone (HAZ)
were inspected. As part of the inspection of the weld joint,
a depth profile of microhardness was measured across the
weld metal and the base material. The resultant plot was
without abrupt variations. In the HAZ, no grain coarse-
ning or significant negative changes in terms of phases
were detected. However, several transgranular cracks
were found beneath the overlay. In this region, chemical
analysis showed 1.56 % chromium and 0.74 % nickel. It
suggests that these cracks formed in the course of wel-
ding. Cracks were also detected in the weld metal. The
weld metal was found to contain much less nickel than
the recommended type of filler wires for surfacing. The-
refore, it can be deduced that the prescribed welding pro-
cedure was not followed. As a consequence, cracks for-
med in the weld metal and in the region beneath the weld
overlay. Although it is certain that these deficiencies con-
tributed to fracturing in the base material, its main cause
was associated with the condition of the base material it-
self.

Chemical composition of the base material was mea-
sured by means of GDOES. The values met the standard,
except for two elements: carbon and manganese. The car-
bon level was below the lower limit specified by the stan-
dard. By contrast, the manganese content exceeded the le-
vel prescribed by the standard. Segregation of these ele-
ments is responsible for this discrepancy. Conspicuous
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segregation bands were found in the base material by ob-
servation under an optical microscope. Using EDX, incre-
ased levels of manganese and carbon were found in these
bands. In these regions, segregation of manganese and
carbon produced complex carbides. The weldment fractu-
red due to severe microstructural heterogeneities and due
to high residual stress caused by the weld. In addition to
the segregation bands, numerous pearlite colonies were
found in the microstructure, as well as carbides in the
form of envelopes along austenite grain boundaries and
needles emanating from the envelopes or existing within
austenite grains. All these heterogeneities are definitely
undesirable, as the steel should possess fully-austenitic
microstructure, without carbide precipitates if possible.

In an attempt to remove all the above-described
microstructural heterogeneities, solution annealing was
performed. The sequence comprised heating to 1050°C,
holding for 1 hour and subsequent water quenching. To
prevent decarburization, the specimen was wrapped in a
special protective foil. This process successfully removed
the microstructural heterogeneities. The result was an
austenitic microstructure with a small amount of carbides
along grain boundaries. Another consequence of this heat
treatment was austenite grain coarsening: from G6 to G4.
The reason was the small size of the specimen. This ne-
gative effect of solution annealing could be avoided by
using shorter time at temperature.

The second section of this paper explored etching of
Hadfield steel. Some etching reagents from the literature
and authors’ experience were put to test. These included:
Adler’s etchant, 50 ml HCl + 25 ml C,H¢O + 0.1 ml
H>0,, Klemm I, Murakami’s solution, nital and Vilella’s
reagent. The one which proved best for this heteroge-
neous microstructure was nital. Although it produced an
oxide film on the surface, it revealed the microstructure
correctly. This undesired colour-etching effect can be eli-
minated by taking a black and white photograph under
optical microscope. Alternatively, the tint can be removed
using a 10% HCI solution. An excellent method of
highlighting the above-described segregation bands is
colour etching with Klemm 1.
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