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Abstract

Tungsten heavy alloys are used in demanding high pressure die casting applications due to their high temperature strength,
high thermal conductivity, and low thermal expansion. High cost limits applications to small sintered die inserts and manual
gas tungsten arc weld repairs. A new tungsten heavy alloy consumable, Anviloy wire, was developed for automated clad-
ding of hot work tool steel dies. Literature regarding characterization of tungsten heavy alloy die steel clads was lacking.
Understanding base metal dilution effect on clad microstructure is critical but required new sample preparation methods.
An Anviloy wire-H13 clad was made using hot wire gas tungsten arc cladding and analyzed with metallography. Samples
were found to have grain boundary MC carbide phase as-welded with the help of an alkaline sodium picrate etchant. An
isothermally aged arc crucible melted sample of the same composition was characterized using metallography, scanning
electron microscopy, and transmission electron diffraction. The clad representative arc crucible melted sample was subjected
to isothermal aging at 725°C for 100 hours. Isothermal aging resulted in precipitation of a high volume fraction of interme-
tallic platelets. Using a new carbon extraction replica sample preparation method involving two chemical polishing steps,

transmission electron diffraction of precipitates indicated they were mu phase intermetallic.
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Introduction

Tungsten heavy alloys are used in defense applications for
armor and kinetic penetrators, in high pressure die casting as
mold materials, and as weights in aerospace and commercial
applications [1-3]. They have high density based on their
high volume fraction of dense alpha BCC tungsten phase.
The tungsten phase imparts also provides good high tem-
perature strength, low thermal expansion, and high thermal
conductivity. These alloys differ from pure tungsten alloys
in that individual tungsten particles are embedded in a lower
melting point matrix phase. The matrix phase in tungsten
heavy alloys melts and wets tungsten particles to infiltrate
and fill voids between them, forming a densified structure
composed of two metallic phases [2, 4, 5]. The most widely
used tungsten heavy alloys are the W-Ni-Fe type [2]. An
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interesting attribute of the W/Ni/Fe ternary system is their
tendency to solidify without forming intermetallics [6-9].
This characteristic allows enables liquid phase sintering
of tungsten rich alloys that exhibit good properties for the
above applications. The W-Ni-Fe ternary system has been
evaluated by numerous researchers over the last century
[6-8, 10—-15]. Winkler and Vogel produced the first ternary
diagram, showing that W-Ni-Fe alloys can solidify as metal-
lic alpha BCC tungsten and gamma FCC phases over a wide
compositional range [6].

Infiltration of tungsten grains by the lower melting point
matrix phase allows for much lower processing temperatures
compared to pure tungsten alloys while still providing simi-
lar strength, low thermal expansion, and thermal conductiv-
ity [2, 3]. For these alloys, the FCC matrix phase improves
low and intermediate temperature ductility and fracture
toughness [9]. The matrix phase improves these properties
by preventing gross cracking of tungsten phase, which has
a high ductile to brittle transition temperature between 100
and 450 °C [16, 17].

For die casting applications, the Anviloy® series of alloys
have been used since the 1970’s for the most severe thermal
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fatigue die conditions [18]. These liquid phase sintered tung-
sten heavy alloys are limited to the most aggressive die envi-
ronments due to high cost. Weld consumables are available
but were historically limited to rod form, making cladding /
hardfacing of tool steel dies inefficient. Recently, an Anviloy
wire consumable was developed for use in automated weld-
ing processes that can support die cladding, repair and addi-
tive manufacturing of features [19]. Research was needed
to develop process—microstructure—performance rela-
tionships for Anviloy cladding on H13 tool steel. Methods
to characterize intermetallics which precipitate on thermal
exposure in tungsten heavy alloy—tool steel clads are lack-
ing in literature. This study characterized an Anviloy wire-
H13 clad as-deposited in addition to an arc crucible melted
sample with the same composition aged at 725 °C for 100h.

Thermal exposure experiments were designed to repre-
sent surface microstructure aging in die casting dies. In die
casting, temperature drops rapidly from a maximum at die
surface. A large thermal gradient exists between the sur-
face and the bulk die’s thermal mass. Temperature gradients
are heightened by the presence of coolant lines provide die
cooling to reduce casting cycle time [3]. To represent alu-
minum die casting conditions for tens of thousands of ther-
mal cycles, the arc crucible melted samples were exposed
to isothermal aging at 725 °C for 100 hours. This method
avoids diffusion from the H13 base material which is unrep-
resentative of die casting service.

Work herein focused on metallographic preparation pro-
cedures for optical and electron microscopy needed to be
developed to support microstructure characterization. Sur-
face relief from hardness imbalances between phases com-
plicates metallography, mandating the use of alkaline polish-
ing media to achieve a planar surface [20]. There is a lack of
research on tungsten heavy alloy—tool steel dissimilar metal
clads, with only one published paper on tungsten heavy
alloy—tool steel cladding. This paper did not evaluate tool
steel dilution levels effect on Anviloy clad microstructure
[21]. The lack of published data extends to sample prepa-
ration, especially regarding characterization of precipitates
which form during thermal exposure. More information on
thermal stability and precipitate formation was also required
for representative die casting thermal aging conditions. This
study developed sample preparation methods for tungsten
heavy alloy—tool steel clads. Metallographic sample prepa-
ration methods were developed for optical microscopy, and
preparation of carbon extraction replica samples were devel-
oped for TEM analysis of precipitates which form during

thermal exposure. These procedures allow for microstruc-
tural characterization of all phases in tungsten heavy alloy-
tool steel clads.

Methodology

A goal of this work was to develop metallographic prepara-
tion methods to improve characterization of Anviloy clad
microstructure. Metallographic samples were taken from
clad deposits made with hot wire gas tungsten arc weld-
ing and crucible melted controlled dilution samples. The
metallographic preparation methods were used for optical
microscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). The microstruc-
ture constituents observed were used to validate phase con-
stituents and effects of thermal aging predicted by simulated
Thermocalc phase diagrams for specific Anviloy wire — H13
dilution level fusion deposits.

Materials

Orvar supreme H13 plates that were 19 mm X 203 mm X
305 mm were provided by Uddeholm. Anviloy wire that was
1.0 mm diameter was supplied by Astaras. The composition
of the H13 plates and Anviloy wire used in this study is
shown in Table 1.

HW-GTAW Cladding

The HW-GTAW equipment used in this work used a Jetline
9800 mechanized system that included a, Miller Dynasty
500 and Jetline 200 Amp hot wire power supplies. Pure
argon shielding gas was used for all welds using a 11,800 cc/
min flow rate. HW-GTAW cladding parameters were fixed
at 180 Amps, 11 Volts, 76 mm/min. travel speed, and 2032./
min. wire feed speed. The hot wire used a 25 mm hot wire
stick-out from the contact tip to the weld pool. Volumetric
dilution was determined by measuring the cross-sectional
area of base material melted into the clad fusion zone and
dividing by the total clad cross-sectional area.

Arc Crucible Melting

Arc crucible melted samples were created using the system
shown in Fig. 1. The system consisted of a gas tungsten arc

Table 1 Alloy compositions Fe
(Wt.%)

H13 Bal.
Anviloy® Wire 12.5

5.1

1.5 0.9 0.39 0.9 04
Bal. 27.5
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Fig. 1 Arc crucible melting system

welding torch, a water cooled copper crucible, and a work
chamber purged with pure argon. Samples were made with
20% H13 dilution and weighed approximately 12 grams.
Orvar supreme base material was sectioned into small pieces
for more uniform melting. Anviloy wire was sectioned and
placed into the work chamber with orvar supreme in the
desired composition and melted into flat, ovular samples.

Heat Treatment

Aging heat treatments were conducted on the arc crucible
melted samples at 725 °C for 100 hours using Lucifer fur-
nace 7GT-K24 controlled by a Honeywell DC230L con-
troller. Isothermal aging experiments were conducted in air.
Samples were water quenched following furnace removal.

Metallography

Metallography was conducted using standard metallographic
grinding and polishing procedures to analyze a HW-GTAW
clad and arc-crucible melted sample of the same clad compo-
sition. Samples were ground with 400, 600, and 800 grit SiC
abrasive paper followed by polishing with 9, 3, and 1 micron
diamond suspension. Volumetric dilution measurements were
taken using standard methods [21]. ImageJ software was used
to outline and measure weld reinforcement, material added,
and total weld fusion zone area (weld reinforcement + melted
base material. Volumetric dilution is determined by dividing
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weld reinforcement deposited by the total weld area. Etching
procedures were developed to maximize characterization of
diluted Anviloy microstructure and carbides. Samples were
etched with an Alkaline Sodium Picrate solution which is
known to preferentially etch M,C carbides in tool steels [22].
Etching consisted of immersion of samples for 3060 seconds
in a solution containing 25g NaOH, 2g sodium picrate, and
100 mL water at a solution temperature of 70 °C.

Carbon Extraction Replica Method

A carbon extraction replica sample preparation method was
developed to support TEM characterization. The arc-crucible
melted samples were first prepared using the same polishing
steps as the metallography procedure plus an additional 0.05
micron alumina step. A two stage chemical polishing pro-
cedure was developed to expose non-metal precipitates on
the sample surface. The alpha BCC tungsten dendrites were
planed using a 10 minute immersion in a 10% sodium hydrox-
ide + water solution. The matrix phase was removed using a
solution containing 50 mL HCL, 25 mL Phosphoric acid,
20mL Nitric Acid, and 10mL Acetic Acid and 100 mL water
for 30 seconds. The final steps were used to prepare replicas.
The replicas were produced using the 2 stage cellulose acetate
/ carbon coating procedure outlined in [23]. After carbon coat-
ing, the coated cellulose acetate tape was placed onto a TEM
grid and gently exposed to 100% acetone to dissolve the tape
and leave an electron transparent carbon film with embedded
precipitate particles.

Scanning Electron Microscopy and Transmission
Electron Microscopy

Arc crucible melted samples were analyzed using SEM and
TEM. All samples were analyzed in the unetched condition
using the metallography sample preparation procedure with an
additional 0.05 micron alumina step. A Thermo Fisher Apreo
IT microscope was used for SEM imaging. The backscatter
electron detector was used to promote atomic contrast between
different phases.

Transmission electron microscopy (TEM) experiments
were conducted on a Tecnai F20 microscope. The carbon
extraction replica sample outlined above was chosen for TEM
analysis. The embedded particles were imaged then analyzed
using electron diffraction. A 10 micron selected area aperture
was used to isolate the diffraction pattern for a single particle.
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Results

Anviloy Wire—H13 HW-GTAW Clad

Figure 2 shows an unetched macro of an Anviloy wire,
clad bead on plate deposit. The clad deposit was produced
using hotwire gas tungsten arc welding on H13 base mate-
rial as noted above. The clad deposit did not possess any
weld defects such as porosity or any cracking. Good fusion
to the base material was evident by the weld shape which
showed adequate wetting and penetration into the base
material. Volumetric dilution of H13 which was melted in
the clad deposit was calculated to be approximately 20%.

Figure 3 shows a higher magnification view of the
Anviloy clad deposit in the etched and unetched condi-
tion. The alkaline sodium picrate etch preferentially etched
the grain boundary phase while leaving the matrix and bcc
tungsten phases unetched. Note the lack of color contrast
developed in the H13 based material, which contains other
carbide types that were not etched by the alkaline picrate
solution. A higher magnification view of the Alkaline
sodium picrate etched HW-GTAW clad sample is shown
in Fig. 4.

The alkaline sodium picrate solution preferentially
etched the grain boundary phase in the Anviloy wire-H13
clad. No etching contrast was developed in the matrix or

2 mm

Fig.2 Anviloy wire—H13 clad macro

Fig.3 Anviloy wire—H13 clad
in etched (left) and unetched
(right) conditions (100x)
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Fig.4 Alkaline sodium picrate etched anviloy wire-H13 clad (500x)

dendritic phases. Approximate region of Micrograph in
Fig. 4 is indicated by the dashed box in Fig. 3.

Arc Crucible Melted Samples

Figures 5 shows the arc crucible melted sample at 2000x
magnification. Figure 5 shows a structure similar to what
was observed in the etched condition. A dendritic phase
(Alpha BCC tungsten), matrix phase, and grain boundary
phase were observed in the microstructure. Fraction of grain
boundary phase was somewhat less than what was observed
in HW-GTAW clads. Despite this difference, the arc-cruci-
ble melted sample microstructure appears representative of
the HW-GTAW clad in that it contains the same 3 phases
(Fig. 6).

After aging for 100 hours at 725 °C, the arc-crucible
melted sample was etched with the alkaline sodium picrate
solution. Grain boundaries appear cleanly etched in some
locations, but a more diffuse contrast is developed in the
aged sample versus the Anviloy wire—H]13 clads. The dif-
fuse etching along grain boundaries suggested the precipita-
tion of fine particles preferentially along grain boundaries.
Resolution was limited using optical microscopy where pre-
cipitates could not be resolved, so the aged samples were
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analyzed using SEM backscatter imaging. For SEM, the
aged crucible melted samples were repolished and analyzed
in the unetched condition. A wide dispersion of intermetal-
lic particles which precipitated after thermal exposure can
be observed in Fig. 7. Particles appear to nucleate and form
preferentially around grain boundaries, showing a similar
dispersion that was observed in optical metallography using
the alkaline sodium picrate etchant. Particles formed around
M,C carbides present along matrix phase grain boundaries.
The presence of streaks of particles may indicate some ori-
entation relationship with the matrix phase.

Chemical Polishing Validation

To improve microstructure definition, a sodium hydroxide
treatment / chemical polish was evaluated on the arc crucible

Fig.5 As-cast arc crucible
melted sample

del HV  cur WD magE PW  HFW
ABS 7.00 kV 3.2 nA 13.0 mm 500 x 135 nm 414 um.

Fig.6 Aged arc-crucible melted
sample after etching with alka-
line sodium picrate

Fig.7 Arc-crucible melted
sample aged at 725 °C for 100
hours

mag @ HFW.
1000 207 ym 135 nm
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melted microstructure, Fig. 8. A pore was used to identify
this specific region in the sample which was imaged before
and after chemical polishing after exposure at 10 minutes
to a 10% sodium hydroxide solution. The BCC alpha phase
dendrites were chemical chemically polished and their sur-
face relief was minimized. Alkaline 10% sodium hydroxide
solution appeared to have minimal effect on the FCC matrix
phase since no material was removed and no etching was
detected. Figure 9 shows the result of the second chemical
polishing procedure using a mixed acid solution, where the
matrix phase was selectively dissolved without dissolution
or etching of tungsten phase dendrites. These images were
taken in the SEM to account for the large surface relief pre-
sent after dissolving the matrix phase.

Figure 9 shows the effectiveness of the matrix chemical
polishing procedure. After 60 second immersion, the true

det HV cur WD  mag mPW  HFW

g 50 um
[ABS 7.00 kV 3.2 nA 13.0 mm 2000 x 33.7 nm 104 ym 05U - CEMAS
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Fig. 8 Polarized light optical
micrope image of aged arc
crucible melted sample before
(left) and after (right) 10-minute
exposure in 10% aqueous NaOH

Fig.9 SEM image of aged arc-
crucible sample after 1 minute
exposure to 50 mL HCL, 25 mL
Phosphoric acid, 20 mL Nitric
Acid, and 10 mL Acetic Acid
and 100 mL Water Solution

shape of the tungsten dendrites can be observed. The pres-
ence of the flat, polished surface from mechanical grind-
ing is still present in the tungsten dendrites shown in these
images. The clean / unetched condition of these dendrites
indicates the matrix polishing solution has minimal effect
on the BCC tungsten phase.

A large number of intermetallic particles are still pre-
sent on the sample surface after the matrix polishing pro-
cedure. The morphology of the particles appears to be
unaffected by the chemical polishing procedures. Precipi-
tates appear to be a similar size and shape as was observed
in the arc Crucible cast sample that was not subjected to
chemical polishing as shown in Fig. 6. These findings
indicate that the two stage chemical polishing procedure
exposed the precipitated particles and left them free float-
ing on the surface of samples. To avoid excess removal

of matrix phase that occurred at 60 seconds, the exposure
time was reduced to 30-seconds. This chemical polishing
procedure was conducted for the carbon extraction replica
samples. The resulting sample which a carbon extraction
replica was made from is shown in Fig. 10.

Figure 10 shows the result of the two stage chemi-
cal polishing procedure. A relatively plain surface with
minimal BCC tungsten phase protrusions is observed.
The matrix phase was also successfully removed, result-
ing in a high number of intermetallic particles present on
the sample surface. Since the matrix phase was dissolved
around these particles, they are essentially free floating in
the sample surface and can be removed using the carbon
extraction replica method. A TEM image of the carbon
extraction replica sample is shown in Fig. 11.
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16.9mm 41.4pm  13.5 nm

Fig. 10 SEM image aged arc-crucible melted sample after two step
chemical polishing procedure

Fig. 11 TEM image of carbon extraction replica sample

Fig. 12 TEM image showing
stacking faults in particles (left)
and electron diffraction pattern
from a particle (right)
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TEM Analysis

Figure 11 shows precipitate particles embedded in the car-
bon film with a similar morphology to what was observed
in the SEM study of bulk samples. Both morphology and
orientation of precipitate particles appears to be maintained
in the carbon extraction replica. The replica method appears
to show the outline of prior BCC tungsten grain locations.
A higher magnification image of a precipitate is shown in
Fig. 12 along with a diffraction pattern obtained from the
particle.

The higher magnification of the precipitate shown in
Fig. 12 shows some evidence of faulting indicated by the
arrow. The diffraction pattern shown in Fig. 12 is consistent
with that gathered for the mu phase intermetallic particle.
Acquisition of high quality imaging and diffraction data
indicated the developed carbon extraction method was effec-
tive at characterizing the precipitates which formed after
thermal exposure of the crucible melted dilution sample.

Discussion

Metallographic analysis of the Anviloy wire—H13 clad
shown in Figs. 2 and 3 confirmed standard polishing pro-
cedures were effective. In the unetched condition, the BCC
tungsten phase and FCC matrix phase show good natural
color contrast, making analysis of these phases relatively
simple. Regarding the grain boundary M4C phase, color
contrast is somewhat intermediate between matrix and BCC
phases which complicated analysis. Etching was required to
improve characterization and evaluation of the grain bound-
ary phase. Previous work on tungsten heavy alloy—tool steel
clads did not discuss metallographic etchants or characteri-
zation of third phase particles. Previous work on tool steels
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indicated that some solutions, namely alkaline sodium pic-
rate, preferentially etch carbides with high periodic group
VI refractory metal content, but this work did not evaluate
similar materials [22].

The alkaline sodium picrate solution etch method allowed
for more effective analysis of the grain boundary phase in
the HW-GTAW clad due to the improved color contrast.
The etchant was effective at darkening the grain boundary
phase, revealing a skeletal morphology that was not evi-
dent in the unetched condition. Contrast developed from the
alkaline sodium picrate etch here suggests that, although
developed for tool steel grades, this solution may be effec-
tive at identifying M(C carbide phase in a wider range of
alloy compositions such as tungsten heavy alloy clads. This
work confirms the BCC and FCC phases of the tungsten
heavy alloy clad microstructure were not attacked by the
alkaline sodium picrate etch. Interestingly, some grains of
BCC tungsten phase, particularly ones close to the fusion
boundary, etched along their edges. This could indicate the
formation of an MC carbide phase at the interface between
BCC tungsten and FCC phases. Further characterization will
be required to confirm presence of interfacial M(C carbides
outlining BCC tungsten phase.

Optical metallographic analysis of the arc crucible melted
sample aged 100 hours at 725 °C was not able to resolve
any microstructural change in the unetched condition. After
exposure to the alkaline sodium picrate etch, the aged arc-
crucible melted sample developed contrast along matrix
phase grain boundaries. Contrast along grain boundaries in
this sample was more diffuse versus the M C phase seen
in the HW-GTAW clad, where sharp color contrast neatly
defined the matrix phase grain boundaries coated with M4C
carbide. The different appearance in the two conditions sug-
gested some microstructural evolution occurred after ther-
mal exposure and that the alkaline sodium picrate solution
preferentially etched the precipitated phase. It is likely that
whichever phase precipitated during thermal exposure was
not large enough to resolve in optical microscopy, resulting
in the diffuse etching appearance.

SEM analysis of the aged arc crucible melted sample
confirmed the presence of a fine precipitate which formed
during thermal exposure. A somewhat diffuse precipitation
of this phase along grain boundaries was observed in the
SEM, similar to what was observed in metallography using
the alkaline picrate etch. Diffuse precipitation can be identi-
fied in the unetched condition in the SEM due to high atomic
number contrast between the precipitated phase and matrix
/ BCC tungsten phase. The precipitated phase was on the
order of hundreds of nanometers in size, which explains why
it was difficult to resolve using metallography due to optical
microscopes’ limited resolution. Despite their small individ-
ual size, etching with alkaline sodium picrate appears able to
resolve precipitate clusters. Alkaline sodium picrate solution

likely etched these precipitates or their interface with the
surrounding material due to their high tungsten content.

Previous work on tungsten heavy alloy—tool steel clads
did not evaluate effect of dilution. These previous studies
did not discuss precipitate of carbide or intermetallic phases
which may form in clads. Methods for evaluating fine pre-
cipitates are required to better understand aging phenomena
in this material combination. This work developed a method
for extraction replica analysis of precipitates to facilitate
direct observation. Work began by developing a two-step
chemical polishing method which dissolves matrix and BCC
tungsten phases without affecting precipitates. Validation
of the two step chemical polishing procedure was neces-
sary since this method has not previously been published.
It is widely known that strongly alkaline solutions such as
sodium hydroxide can be used to chemically polish tung-
sten. For Anviloy diluted clad deposits, a new polishing pro-
cedure was needed to improve phase identification. Since
the tungsten phase is harder / more wear resistant than the
matrix phase in tungsten heavy alloys, mechanical polishing
with conventional abrasives results in surface relief where
the BCC tungsten grain protrude slightly from the matrix.
Protrusion of tungsten grains and non-planar surfaces com-
plicates microscopic analysis. In particular, nanohardness,
EDS, or EBSD data gathered on a non-flat surface may have
significant error. Protrusions also complicate extraction rep-
lica sample preparation. Therefore, it was beneficial to have
a method for flattening samples after mechanical polishing.
Previous work mandated the use of strong alkaline solutions
during polishing, which can be present a chemical hazard
to workers [24]. Using the method developed herein, sam-
ples can be chemically polished to acceptable flatness in
fume hoods after polishing, lessening the risk of chemical
exposure.

The use of polarized light in the optical microscope
helped resolve the effect of sodium hydroxide solution on
tungsten phase dimensional offset, clearly showing chemi-
cal polishing after a 10 minute exposure. The matrix phase
appeared unaffected by the sodium hydroxide treatment,
possibly due to its corrosion resistance in alkaline envi-
ronments. FCC matrix phases in tungsten heavy alloys are
known to contain high tungsten contents if cooled quickly
from solidification, up to 9 at.% [25]. Molybdenum and
Tungsten are in the same periodic group and have similar
effect when used as alloying elements in nickel based alloys,
primarily increasing localized and alkaline corrosion resist-
ance [26, 27]. Because of this high tungsten concentration,
matrix phase in tungsten heavy alloys likely has similar
properties to Hastelloy B type nickel based alloys with high
Molybdenum contents. This could explain the resistance of
the tungsten heavy alloy matrix phase to alkaline solutions
such as the 10% sodium hydroxide solution used to chemi-
cally polish tungsten grains.
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The second chemical polishing step was confirmed to
have little effect on the BCC tungsten, M(C carbide, and
intermetallic precipitates which supported its use as a chemi-
cal polishing agent for tungsten heavy alloys. All of these
phases were observed after the matrix chemical polishing
step in similar morphologies as before etching. Use of this
solution for 60 seconds exposed large portions of Tungsten
grains, giving insight to their true shape and morphology.
The presence of detached intermetallic particles was also
evident. Because the particles of interest for TEM analysis
were essentially free floating on surfaces after chemical pol-
ishing, it was important to conduct all chemical polishing
with sample surface facing upwards. This condition used
gravity to ensure loose particles remained on the surface
until they could be extracted.

Carbon coating and sample extraction using cellulose
acetate tape resulted in successful acquisition of images and
diffraction patterns of fine particles from the arc-crucible
melted sample. This confirmed the effectiveness of the two
step procedure for analysis of tungsten heavy alloy precipi-
tates. The method developed herein allowed for characteri-
zation of fine precipitates that form in tungsten heavy alloy
clads. Since many intermetallic particles have complex crys-
tal structures, navigating to a crystal zone axis can be more
complicated than cubic crystal structures. Navigating to a
zone axis is especially difficult when there is a background
matrix component in diffraction patterns, as is the case in
FIB foil extractions which contain intermetallic precipitates
still embedded in their matrix phase. For mu phase interme-
tallic, there are several orientation relations possible with
the FCC matrix phase as well as some reports of incoherent
precipitation [28, 29]. The use of carbon extraction replica
sample preparation allows for analysis of particles of interest
alone by separating them from the matrix phase. Extraction
simplifies analysis of particles smaller than TEM apertures,
which is sometimes difficult in FIB foil analysis.

Conclusions

This work details the metallographic preparation methods
that were developed for microstructure characterization of
Anviloy clad deposits and arc melted diluted cast samples
on H13 tool steel. The cast samples were evaluated in the
as-cast and aged conditions where the latter used a heat treat-
ment representative of die cast die peak temperature expo-
sure. As-clad microstructure contained BCC tungsten and
FCC phase as well as M(C carbide which was resolved using
an alkaline sodium picrate etchant. The alkaline sodium
picrate etchant produced color contrast in the MC carbide
phase which formed on solidification during cladding. Etch-
ant contrast was also developed by alkaline sodium picrate
solution in the aged arc-crucible melted samples. Though
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their small size prevented direct observation of individual
intermetallic particles in optical microscopy, the color con-
trast developed around intermetallic clusters indicated alka-
line sodium picrate solution preferentially etched mu phase
particles. SEM analysis of aged arc-crucible melted samples
confirmed the etching contrast developed in optical micros-
copy was due to mu phase intermetallic clusters. SEM imag-
ing showed similar dispersion preferentially along matrix
phase grain boundaries as observed in optical microscopy.
The two step chemical polishing procedure was validated
using optical microscopy and SEM analysis. The 10% aque-
ous sodium hydroxide solution was shown to preferentially
remove the BCC tungsten dendrites without attacking the
matrix phase or intermetallic particles after 10 minutes.
Likewise, the 30 second mixed acid chemical polishing step
was shown to remove the matrix phase without affecting
BCC tungsten phase or intermetallic particles. These two
chemical polishing steps produced a microscopically flat
sample surface enabling extraction of loose intermetallic
particles on the sample surface via cellulose acetate tape.
Carbon coating of the cellulose acetate and subsequent dis-
solution of the tape in acetone resulted in an electron trans-
parent carbon film with embedded intermetallic particles.
TEM analysis of the extraction replica sample confirmed the
intermetallic that formed after aging was mu phase.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
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were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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