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WC-Fe-Ni-Co-Cr cemented carbides have been obtained by liquid phase sintering from
WC-Fe-Ni-Co-Cr 3 C 2 powder mixtures. Taking the 40wt.%Fe-40wt.%Ni-20wt.%Co
alloy as a reference, new binder phases has been prepared by introducing controlled
amounts of Crand C, via Cr3 C 2 and C black powders respectively. As described for
WC-Co-Cr materials, Cr additions are also observed to reduce the eutectic
temperatures of WC-Fe-Ni-Co system. First liquids detected on heating exhibit wide
temperature melting ranges, which become narrower and are displaced to higher
temperatures on repeated heating and cooling cycles. Apart from the decarburization
associated to the carbothermal reduction of powder oxides, this phenomenon could be
also related to the homogenization of the chemical composition of these
multicomponent binder phases, which is faster as C content decreases. Correlation
between experimental melting and solidification temperature ranges and those
predicted by Thermocalc® is better as Cr content increases. Experimental C windows,
defined in this work by the absence of free C or h phases, are located at C contents
higher than Thermocalc® estimations. Although the 40wt.%Fe-40wt.%Ni-20wt.%Co
alloy is austenitc, BCC phases are partially stabilized at low C and high Cr contents.
Although these compositions are free from h phases or free C, a precipitation of Cr-rich
carbides is found at the WC-metal interface. These precipitates are not observed in the
alloy with 0.75 wt.% Cr (i.e. 5 wt.% of the nominal metal content) and 5.39 wt.%C. This
C content is 0.17 wt.% higher than that predicted for precipitation of M7 C 3 .

Ref: IJRMHM-D-20-00205
Title: Effect of Cr anc C contents on the sintering of WC-Fe-Ni-Co-Cr multicomponent
alloys

Journal: International Journal of Refractory Metals and Hard Materials

We have included some equations and SEM images in the respond to reviewers.
Complete information appears before the pdf of the revised manuscript. Please, find
equations and images in that pdf format. In this box, neither images nor equations are
allowed.

Answers to Reviewer # 1 comments:

1-Authors should give details about the powders used, especially the particle size. A
micrograph of a powder compact would be useful to appreciate the heterogeneity in
the powder mixtures, which is the reason given by the authors for the broad
temperature range of liquid formation.
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Answer: We definitely agree with the referee’s comment. In the new version, we have
included a new Table 1 at the beginning of section 2 with the particle size of starting
powders. We have also included a new Fig. 2 corresponding to a green compact of
composition C4 (medium C content) (see new Table 2). A paragraph has been
included in Section 3.1(a) of the revised version that provides the requested
information about the scale of microstructural segregation in the green compacts.

2.The authors state that sintering starts at higher temperatures for the W-rich alloys.
But from the dilatometric plots, it appears that sintering (apparently solid state
sintering) starts at a lower temperature for these alloys. This is indeed a classical result
of solid state sintering of WC-Co alloys which has been observed by several authors,
and is probably related to a better solid state spreading of the binder due to a lower
interface energy in W-rich alloys (see e.g. A. Petersson, Int. J. Refractory Metals &
Hard Materials 22(4-5), 2004, 211-217). The authors probably mean that the liquid
phase sintering peak is delayed to higher temperatures for the W-rich alloys but this
should be clarified.

Answer: Yes. Our intention was to describe melting phenomena and not shrinkage in
solid state. Again, we thank the referee for the precise comment. We have modified the
text in order to include it along with two additional references [22 and 23 in the new
version]. The new text is included at the beginning of Section 3.1. (a), in the part
explaining Fig. 1.

3.The authors should be careful when relating the area of endothermic peaks to the
amount of liquid, since the composition may influence the enthalpy of melting. And
from figure 1 c), | would not say that area of the endothermic peak on cooling is 100%
higher for the C2 alloys, since the peak for C1 alloy is broader. Did they make a
measurement or is this a rough estimate?

Answer: After the reviewer's comment, we have revised the calculation of DSC peak
areas and found that the melting range we considered for Alloy C1 was only from
1300°C to 1380°C. We agree that there is some liquid above 1261°C. Considering this,
the area under the DSC peak of Alloy C1 (High C) for the first heating event is still 30%
lower than that calculated for alloy C2 (Low C). We have also corrected the areas
corresponding to exothermic peaks, which are also higher for Alloy C2 than for Alloy
C1, but only by 20%.

The theory behind the calculation of the amount of liquid is explained in the pdf version
of this "Respond to Reviewers", found before the pdf of the revised manuscript.

We have also revised the bibliography to the best of our knowledge and have not
found information regarding the enthalpies of melting for Fe-Ni-Co-Cr-W alloys.
Therefore, the correlation between areas of DSC peaks and actual liquid contents is
only qualitative.

The method for calculating DSC peak areas and this final comment have been
included in the revised text.

4 More important, the authors explain the effect of C content on the temperature of
liquid formation by homogenization of the metallic binder composition. They argue that
a Fe-rich liquid would form at lower temperature for C-rich alloys. But | do not
understand the reason why this Fe-rich liquid would form rather in C-rich rather than in
We-rich alloys. In addition, for a binder with uniform composition, the solidus
temperature increases when decreasing the C content, as predicted by the phase
diagrams (see Fig. 6) and this must have a first-order effect on the temperature of
liquid formation, before incriminating a metallic composition gradient in the binder.
Finally, the DSC plots after several runs show the same position for the peaks for
alloys C1 and C2 on heating and on cooling, which suggests a decarburization of the
alloys and a liquid formation which could correspond to the eutectic liquid on the W-rich
side of the 2-phase domain for both compositions (see Fig. 6).This decarburization is
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often an issue with the small samples used in DSC (1 mm3 here) for long or repeated
thermal cycles. This discussion of the C content effect on the temperature of liquid
formation should be rewritten by taking these remarks into consideration.

Answer: Of course, we agree with the referee’s comment about the displacement of
melting onset to higher temperatures as C activity decreases. This is a well-known
effect in cemented carbides and, as the referee points out, is well reflected in our
Thermocalc ® calculations.

We also agree on considering decarburization effects, although it is impossible to
measure carbon contents in DSC samples owing to their small size. Repeated DSC
experiments were carried out without opening the furnace chamber and always
protected with pure Argon atmosphere (nominal oxygen and water contents in this gas
are 2 ppm and 3 ppm respectively). Of course, the procedure includes leak testing and
3 purges of the calorimeter chamber to remove all residual air (the whole process
takes 1. 5 hours). Main decarburization should be expected for the first DSC heating
cycle due to carbothermal reduction of oxides present in the powder mixtures. In
repeated DSC experiments, the samples have already a high degree of sintering.
Therefore, the specimen surface area is considerably reduced and decarburization
kinetics should be slower.

Anyhow, although samples can be decarburized during repeated DSC experiments,
melting and solidification temperature intervals observed experimentally are very
different from those calculated by Thermocalc ® with TCFE10 database. The isopleth
of new Fig. 2; including both compositions C1 and C2, shows that the melting range of
alloys near the upper C side of the 2 phase domain has a maximum value of 69°C (far
from the 122°C measured experimentally for Alloy C1). On the lower C side, the
melting range corresponding with no presence of M6C is only 9°C. Again, far from the
51°C measured experimentally for Alloy C2.

In our opinion, decarburization definitely plays a role but there is also contribution of
kinetic effects because both DSC and vacuum sintering cycles are far from equilibrium
during the heating ramp.

Regarding homogenization effects, new Fig. 3 (see answer to comment #1) proves the
presence of large agglomerates of Ni and Fe. Moreover, C black additions (used for C
control) are 4 times higher for Alloy C1 than for Alloy C2.

According to the referee’s comments, if decarburization progresses as the DSC cycles
are repeated, we should expect a change in the solidification range of Alloy C2,
corresponding, for instance, to the precipitation of M6C and this is not the case.
Therefore, we do not discard the effect of chemical homogenization as a possible
factor affecting melting and solidification phenomena in our WC-Fe-Ni-Co-Cr3C2-
carbon black mixtures.

In the revised text, we have considered the valuable referee’s comments along with the
explanation given in these paragraphs.

5.Analysis of the correlation between Thermocalc (TC) estimates and experimental
values of the solidification range should be clarified (Figure 7 and Table 3). Why do the
TC estimates not depend on the C content? Also it is not clear that the agreement
between TC estimates and measured values of the solidification range is better for
higher Cr content. In the legend of Figure 7, high C and low W mean the same thing. In
Table 3, there is a contradiction between "Thermocalc estimates* and the reference
"*Obtained by Infrarred spectrometry". The 2 temperatures given for the DSC
solidification peaks should be explained in the legend or in the table. The link between
Figure 7 and Table 3 is not clear and should be commented.

Answer:
In the revised versions, Table 3 becomes Table 4 and Figure 7 changes to Fig. 9.

TC estimates do not depend on the C content because are only calculated for the C
content measured by IR spectrometry after vacuum sintering in each compositions (last
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column in new Table 4).

Taking this into account, we have estimated the solidification range given by TC®
predictions for the measured C contents and compared them with the temperature
intervals measured from DSC solification peaks (1st and 3rd cycles)

-In caption of new Fig. 9 “Low W” has been changed to “Low C”

-The asterisk in Thermocalc estimates has been removed.

-The reason for giving two temperatures in DSC solidification peaks in Table 4 is that
correspond to the 1st DSC and 3rd DSC cycle respectively. This has been included in
Table 4 heading.

-The link between new Fig. 9 and new Table 4 is as follows:

Thermocalc estimates are considered to be related to solidification DSC events
because the system is closer to equilibrium conditions after being 10 min at 1450°C. In
addition, the C content measured by IR corresponds to sintered specimens after all
decarburization phenomena related to carbothermal reduction of powder oxides. In all
sintered specimens we have confirmed the absence of free C or M6C phases.

This has been included in the revised manuscript

6.The effect of Cr carbides as grain growth inhibitor is not clearly seen on the
microstructures of Figure 10. The authors should comment on that point.

Answer:

WC grain growth inhibition by Cr additions is easily observed in submicron and
ultrafine hardmetal grades. In this case, it is not that easy because we have selected a
powder with large particle and grain size. The mean WC grain size is 3.7 microns
according to the supplier. (see attached SEM image in the file included in pdf version).

WC grain growth in hardmetals is generally explained as a solution reprecipitation
phenomena (Ostwald ripening), which is limited by 2D nucleation or nucleation on
defects (See Z. Roulon, J.M. Missiaen, S. Lay Int. J. Refract. Metals & Hard Mat. 86
(2020) 105088. These authors study the effect of binders alternative to cobalt on WC
grain growth and show that growth in Fe based binders is much lower than in Co or Ni
ones and that growth rate increases with the C activity. We have decided to include
this reference in the revised text.

The same happens in our materials. There are no large differences between mean WC
grain sizes of alloys with or without Cr, which is likely due to the fact that the selected
WC powders were already large (that is, the original surface area, which is the driving
force for the grain growth process, is low in the starting powders). Moreover, the
dissolution of WC grains in Fe based binders is much slower than in Ni or Co based
ones.

A comment has been included in the revised text regarding this point.

A few other details:

-Crand Cin title:

Answer: New title says “chromium and carbon” instead of Cr and C.

-Please check the sentence in introduction: "substitution of cobalt either by nickel or
iron... both oxidation and corrosion resistance improve". You probably mean for nickel.

Substitution by iron deteriorates corrosion resistance

Answer: Yes. This has been corrected.
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-The sentence in section 3.1.a) "However, alloy C2 (with lower C activity) has only one
at 1368°C, that is, coinciding with the second peak observed in alloy C1 by with
approx. double intensity" is not clear and should be rewritten.

Answer: The new text is as follows:

“However, alloy C2 (with lower C activity) has only one at 1368°C. This temperature
coincides with that of the second peak found in alloy C1. However, its intensity is
aprox. 100% higher. This means that shrinkage begins at higher temperatures as C
content decreases in these alloys but at a higher rate than that found in low C
materials”

-"Some WC polygonal grains are found in alloy C1 (with no Cr and high C content),
suggesting that rounded WC grains are formed by the grain growth inhibition effect of
Cr along with the higher solubility of WC grains in the liquid phase as the C content
decreases" : the end of the sentence (... along with...) should be clarified. If the
authors mean that there is an effect of C content on the grain shape, they should
specify.

Answer: We have explained this effect in more detail and combine it with the answer to
comment #6.

The new text is as follows:

There are no large differences between mean WC grain sizes of alloys with or without
Cr, which is likely due to the fact that the selected WC powders were already large
(that is, the original surface area, which is the driving force for the grain growth
process, is low in the starting powders). Moreover, the dissolution of WC grains in Fe
based binders is much slower than in Ni or Co based ones [26]. This combined with the
WC grain growht inhibition effect of chromium additions could explain the rounded
morphology found for WC grains in most of these compositions (Fig. 12). The only
exception is alloy C1, where some WC polygonal grains are found after sintering. This
alloy has no chromium and high C content suggesting that, under these conditions, the
observed shape change in WC crystals could be due to the activation of 2D nucleation
phenomena described by several authors as responsible for to this anisotropic growth
[26].

Answers to Reviewer # 2 comments:

1-: The paper presents an interesting study on the effect of Cr and C on the sintering of
WC-Fe-Ni-Co-Cr, combining experimental results and thermodynamic calculations.
Although it shows a good piece of work, supported by a good scientific discussion,
there is an aspect that should be reviewed in the beginning of the discussion. In fact,
the authors seem to neglect the relevant contribution of the initial solid state sintering
for the densification of hardmetals, when they say, related to Fig. 1:"....peak observed
in alloy C1 by with approx. double intensity. This means that shrinkage starts at higher
temperatures for the allow with lower C content....". This is incorrect, since shrinkage
starts at similar temperatures, ~1000°C, Fig. 1, for both alloys by solid state sintering
processes, only the contribution of LPS appears at lower temperatures for the alloy
with higher C content.

Answer: This question is similar to comment 1 of Reviewer#1. We just focused on
liquid phase sintering phenomena and forgot to talk about the contribution of solid state
sintering mechanisms. We thank the referee for noticing this. Therefore, we have
modified the text in order to include it along with two additional references [22 and 23 in
the new version]. The new text is included at the beginning of Section 3.1. (a), in the
part explaining Fig. 1.

2-Some figures should be improved:

()The dilatometric curves in Fig. 1a) and 3a) and b) show a final shrinkage that is not
representative and should be removed; and why Fig 1c) has not the same scale as
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1b)?

Answer: We have repeated some of these experiments and obtained the same results.
So, we consider that Figs. 1a and 3a are representative of the materials behaviors. If
the reviewer agrees, we would rather keep them in the revised version. As the different
scales in Figs. 1b and 1c, this is because they show different magnitudes. Fig. 1b
shows the shrinkage rate as a function of temperature and Fig. 1c shows differential
scanning calorimetry curves corresponding to the same alloys.

(i) The diagrams of Fig. 5 are not legible, the letters are very small, the lines of the axes
are not visible and the designation of the phases could be simplified.

Answer: Letters in Fig. 5 have been modified in order to make it more visible. With all
modifications made in the revised version, Figs. 4 and 5 have been renamed as Figs. 6
and 7.

(iii)In Table 2 it misses the indication of the values obtained during cooling: "**Data
obtained from the cooling ramp"

Answer: This is a mistake. This table only includes data from the heating ramps. The
text "**Data obtained from the cooling ramp" has been removed from Table 2. In
addition, this table has been renamed as Table 3 in the revised version in order to
answer referee’s #1 questions.

Data obtained from the cooling ramp are included in new Table 4 in the revised
version.

3-There are also some typos, namely in the title, and along the text to be corrected.

Answer: Typos and misspelling have been revised through the whole text to the best
of our knowledge.

Answers to Reviewer # 2 comments:
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1-: The paper presents an interesting study on the effect of Cr and C on the sintering of
WC-Fe-Ni-Co-Cr, combining experimental results and thermodynamic calculations.
Although it shows a good piece of work, supported by a good scientific discussion,
there is an aspect that should be reviewed in the beginning of the discussion. In fact,
the authors seem to neglect the relevant contribution of the initial solid state sintering
for the densification of hardmetals, when they say, related to Fig. 1:"....peak observed
in alloy C1 by with approx. double intensity. This means that shrinkage starts at higher
temperatures for the allow with lower C content....". This is incorrect, since shrinkage
starts at similar temperatures, ~1000°C, Fig. 1, for both alloys by solid state sintering
processes, only the contribution of LPS appears at lower temperatures for the alloy
with higher C content.

Answer: This question is similar to comment 1 of Reviewer#1. We just focused on
liquid phase sintering phenomena and forgot to talk about the contribution of solid state
sintering mechanisms. We thank the referee for noticing this. Therefore, we have
modified the text in order to include it along with two additional references [22 and 23 in
the new version]. The new text is included at the beginning of Section 3.1. (a), in the
part explaining Fig. 1.

2-Some figures should be improved:

() The dilatometric curves in Fig. 1a) and 3a) and b) show a final shrinkage that is not
representative and should be removed; and why Fig 1¢) has not the same scale as
1b)?

Answer: We have repeated some of these experiments and obtained the same results.
So, we consider that Figs. 1a and 3a are representative of the materials behaviors. If
the reviewer agrees, we would rather keep them in the revised version. As the different
scales in Figs. 1b and 1c, this is because they show different magnitudes. Fig. 1b
shows the shrinkage rate as a function of temperature and Fig. 1c shows differential
scanning calorimetry curves corresponding to the same alloys.

(i) The diagrams of Fig. 5 are not legible, the letters are very small, the lines of the axes
are not visible and the designation of the phases could be simplified.

Answer: Letters in Fig. 5 have been modified in order to make it more visible. With all
modifications made in the revised version, Figs. 4 and 5 have been renamed as Figs. 6
and 7.

(iii)In Table 2 it misses the indication of the values obtained during cooling: "**Data
obtained from the cooling ramp"

Answer: This is a mistake. This table only includes data from the heating ramps. The
text "**Data obtained from the cooling ramp" has been removed from Table 2. In
addition, this table has been renamed as Table 3 in the revised version in order to
answer referee’s #1 questions.

Data obtained from the cooling ramp are included in new Table 4 in the revised
version.

3-There are also some typos, namely in the title, and along the text to be corrected.

Answer: Typos and misspelling have been revised through the whole text to the best
of our knowledge.
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Dear Editor:

We would like to submit the article entitled “Effect of Cr anc C contents on
the sintering of WC-Fe-Ni-Co-Cr multicomponent alloys” for publication in the
International Journal of Refractory Metals and Hard Materials. Please, do not hesitate

to contact us if you have any questions.

Yours sincerely,

J.M. Sénchez
CEIT-1K4 . Paseo Manuel de Lardizabal, 15, 20018, San Sebastian, Spain.
phone: 34-943-212800

fax:34-943-213076
email: jmsanchez@ceit.es



Response to Reviewers

Ref: JIRMHM-D-20-00205

Title: Effect of Cr anc C contents on the sintering of WC-Fe-Ni-Co-Cr multicomponent
alloys

Journal: International Journal of Refractory Metals and Hard Materials

Answers to Reviewer # 1 comments:

1- Authors should give details about the powders used, especially the particle size. A
micrograph of a powder compact would be useful to appreciate the heterogeneity
in the powder mixtures, which is the reason given by the authors for the broad
temperature range of liquid formation.

Answer: We definitely agree with the referee’s comment. In the new version, we have
included a new Table 1 at the beginning of section 2 with the particle size of starting powders.
We have also included a new Fig. 3 corresponding to a green compact of composition C4
(medium C content) (see new Table 2). A paragraph has been included in Section 3.1(a) of the
revised version that provides the requested information about the scale of microstructural
segregation in the green compacts.

2. The authors state that sintering starts at higher temperatures for the W-rich alloys.
But from the dilatometric plots, it appears that sintering (apparently solid state
sintering) starts at a lower temperature for these alloys. This is indeed a classical
result of solid state sintering of WC-Co alloys which has been observed by several
authors, and is probably related to a better solid state spreading of the binder due
to a lower interface energy in W-rich alloys (see e.g. A. Petersson, Int. J. Refractory
Metals & Hard Materials 22(4-5), 2004, 211-217). The authors probably mean that

the liquid phase sintering peak is delayed to higher temperatures for the W-rich
alloys but this should be clarified.

Answer: Yes. Our intention was to describe melting phenomena and not shrinkage in solid
state. Again, we thank the referee for the comment. We have modified the text in order to
include solid state sintering effects along with two additional references [22 and 23 in the new

version]. The new text is included at the beginning of Section 3.1. (a), in the part explaining Fig.
1.

3. The authors should be careful when relating the area of endothermic peaks to the
amount of liquid, since the composition may influence the enthalpy of melting. And
from figure 1 c), | would not say that area of the endothermic peak on cooling is
100% higher for the C2 alloys, since the peak for C1 alloy is broader. Did they make
a measurement or is this a rough estimate?

Answer: After the reviewer’s comment, we have revised the calculation of DSC peak areas and
found that the melting range we considered for Alloy C1 was only from 13009C to 13802C. We
agree that there is some liquid above 12612C. Considering this, the area under the DSC peak of
Alloy C1 (High C) for the first heating event is still 30% lower than that calculated for alloy C2



(Low C). We have also corrected the areas corresponding to exothermic peaks, which are also
higher for Alloy C2 than for Alloy C1, but only by 20%.

The theory behind the calculation of the amount of liquid assumes that melting occurs in
equilibrium conditions (which is also an approximation). In such a case:

dQ =AH (T)-dm, [1]

where Q is the heat provided to the sample during the melting process, m; is the liquid mass in
thermodynamic equilibrium, AHgT) is the amount of heat required to melt a gram of the
sample at temperature T. Taking the derivative of dQ with respect to time:

9Q_pn, (r). Im

2
dt dt 2

and dQ/dt is the heat flux rate (@») measured by DSC with minus sign:

_¢:AHf(T)'dﬂ

3
" [3]

Clearing dm, and integrating with respect to temperature:

=9 __—¢ dT

MM T @) B 2
T ¢

=™ Bl

where £ is the heating rate (10°C/min in our case).

Extending the interval to the end of the DSC peak (T = Tf), and the total amount of liquid “m” is
given by:

e ;

Theterm A = I;¢dT corresponds to the area enclosed by the considered DSC peak.
Ti

We have also revised the bibliography to the best of our knowledge and have not found
information regarding the enthalpies of melting for Fe-Ni-Co-Cr-W alloys. Therefore, the
correlation between areas of DSC peaks and actual liquid contents is only qualitative.

The method for calculating DSC peak areas and this final comment have been included in the
revised text.

4. More important, the authors explain the effect of C content on the temperature of
liquid formation by homogenization of the metallic binder composition. They argue



that a Fe-rich liquid would form at lower temperature for C-rich alloys. But | do not
understand the reason why this Fe-rich liquid would form rather in C-rich rather
than in W-rich alloys. In addition, for a binder with uniform composition, the
solidus temperature increases when decreasing the C content, as predicted by the
phase diagrams (see Fig. 6) and this must have a first-order effect on the
temperature of liquid formation, before incriminating a metallic composition
gradient in the binder. Finally, the DSC plots after several runs show the same
position for the peaks for alloys C1 and C2 on heating and on cooling, which
suggests a decarburization of the alloys and a liquid formation which could
correspond to the eutectic liquid on the W-rich side of the 2-phase domain for both
compositions (see Fig. 6).This decarburization is often an issue with the small
samples used in DSC (1 mm3 here) for long or repeated thermal cycles. This
discussion of the C content effect on the temperature of liquid formation should be
rewritten by taking these remarks into consideration.

Answer: Of course, we agree with the referee’s comment about the displacement of melting
onset to higher temperatures as C activity decreases. This is a well-known effect in cemented
carbides and, as the referee points out, is clearly reflected in Thermocalc ® calculations.

We also agree on considering decarburization effects, although it is impossible to measure
carbon contents in DSC samples owing to their small size. Repeated DSC experiments were
carried out without opening the furnace chamber and always protected with pure Argon
atmosphere (nominal oxygen and water contents in this gas are 2 ppm and 3 ppm
respectively). Of course, the procedure includes leak testing and 3 purges of the calorimeter
chamber to remove all residual air (the whole process takes 1. 5 hours). Main decarburization
should be expected for the first DSC heating cycle due to carbothermal reduction of oxides
present in the powder mixtures. In repeated DSC experiments, the samples have already a high
degree of sintering. Therefore, the specimen surface area is considerably reduced and
decarburization kinetics should be slower.

Anyhow, although samples can be decarburized during repeated DSC experiments, melting and
solidification temperature intervals observed experimentally are very different from those
calculated by Thermocalc ® with TCFE10 database. The isopleth of new Fig. 2; including both
compositions C1 and C2, shows that the melting range of alloys near the upper C side of the 2
phase domain has a maximum value of 69°C (far from the 122°C measured experimentally for
Alloy C1). On the lower C side, the melting range corresponding with no presence of MgC is
only 9°C. Again, far from the 51°C measured experimentally for Alloy C2.

In our opinion, decarburization definitely plays a role but there is also contribution of kinetic
effects because both DSC and vacuum sintering cycles are far from equilibrium during the
heating ramp.

Regarding homogenization effects, new Fig. 3 (see answer to comment #1) proves the
presence of large agglomerates of Ni and Fe. Moreover, C black additions (used for C control)
are 4 times higher for Alloy C1 than for Alloy C2.

According to the referee’s comments, if decarburization progresses as the DSC cycles are
repeated, we should expect a change in the solidification range of Alloy C2, corresponding, for
instance, to the precipitation of MeC and this is not the case. Therefore, we do not discard the
effect of chemical homogenization as a possible factor affecting melting and solidification
phenomena in our WC-Fe-Ni-Co-CrsC,-carbon black mixtures.



In the revised text, we have considered the valuable referee’s comments along with the
explanation given in these paragraphs.

5. Analysis of the correlation between Thermocalc (TC) estimates and experimental
values of the solidification range should be clarified (Figure 7 and Table 3). Why do
the TC estimates not depend on the C content? Also it is not clear that the
agreement between TC estimates and measured values of the solidification range is
better for higher Cr content. In the legend of Figure 7, high C and low W mean the
same thing. In Table 3, there is a contradiction between "Thermocalc estimates*"
and the reference "*Obtained by Infrarred spectrometry". The 2 temperatures
given for the DSC solidification peaks should be explained in the legend or in the
table. The link between Figure 7 and Table 3 is not clear and should be commented.

Answer:

In the revised version, Table 3 becomes Table 4 and Figure 7 changes to Fig. 9.

TC estimates do not depend on the C content because are only calculated for the C content
measured by IR spectrometry after vacuum sintering in each compositions (last column in new
Table 4).

Taking this into account, we have estimated the solidification range given by TC® predictions
for the measured C contents and compared them with the temperature intervals measured
from DSC solification peaks (1%t and 3™ cycles)

- In caption of new Fig. 9 “Low W” has been changed to “Low C”

- The asterisk in Thermocalc estimates has been removed.

- The reason for giving two temperatures in DSC solidification peaks in Table 4 is that
correspond to the 15t DSC and 3" DSC cycle respectively. This has been included in Table 4
heading.

- The link between new Fig. 9 and new Table 4 is as follows:

Thermocalc estimates are considered to be related to solidification DSC events because
the system is closer to equilibrium conditions after being 10 min at 14502C. In addition,
the C content measured by IR corresponds to sintered specimens after all decarburization
phenomena related to carbothermal reduction of powder oxides. In all sintered
specimens we have confirmed the absence of free C or MsC phases.

This has been included in the revised manuscript

6. The effect of Cr carbides as grain growth inhibitor is not clearly seen on the
microstructures of Figure 10. The authors should comment on that point.

Answer:

WC grain growth inhibition by Cr additions is easily observed in submicron and ultrafine
hardmetal grades. In this case, it is not that easy because we have selected a powder with
large particle and grain size. The mean WC grain size is 3.7 microns according to the supplier.
(see attached SEM image).
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WC grain growth in hardmetals is generally explained as a solution reprecipitation phenomena
(Ostwald ripening), which is limited by 2D nucleation or nucleation on defects (See Z. Roulon,
J.M. Missiaen, S. Lay Int. J. Refract. Metals & Hard Mat. 86 (2020) 105088). These authors
study the effect of binders alternative to cobalt on WC grain growth and show that growth in
Fe based binders is much lower than in Co or Ni ones and that growth rate increases with the C
activity. We have decided to include this reference in the revised text.

The same happens in our materials. There are no large differences between mean WC grain
sizes of alloys with or without Cr, which is likely due to the fact that the selected WC powders
were already large (that is, the original surface area, which is the driving force for the grain
growth process, is low in the starting powders). Moreover, the dissolution of WC grains in Fe
based binders is much slower than in Ni or Co based ones.

A comment has been included in the revised text regarding this point.

A few other details:
- Cr and Cin title:

Answer: New title says “chromium and carbon” instead of Cr and C.

- Please check the sentence in introduction: "substitution of cobalt either by nickel or
iron... both oxidation and corrosion resistance improve". You probably mean for nickel.
Substitution by iron deteriorates corrosion resistance

Answer: Yes. This has been corrected.

- The sentence in section 3.1.a) "However, alloy C2 (with lower C activity) has only one
at 13689C, that is, coinciding with the second peak observed in alloy C1 by with approx. double
intensity" is not clear and should be rewritten.

Answer: The new text is as follows:

“However, alloy C2 (with lower C activity) has only one at 13682C. This temperature
coincides with that of the second peak found in alloy C1. However, its intensity is
aprox. 100% higher. This means that shrinkage begins at higher temperatures as C
content decreases in these alloys but at a higher rate than that found in low C
materials”



- "Some WC polygonal grains are found in alloy C1 (with no Cr and high C content),
suggesting that rounded WC grains are formed by the grain growth inhibition effect of Cr along
with the higher solubility of WC grains in the liquid phase as the C content decreases" : the end
of the sentence (... along with...) should be clarified. If the authors mean that there is an effect
of C content on the grain shape, they should specify.
Answer: We have explained this effect in more detail and combine it with the
answer to comment #6.

The new text is as follows:

There are no large differences between mean WC grain sizes of alloys with or
without Cr, which is likely due to the fact that the selected WC powders were
already large (that is, the original surface area, which is the driving force for the
grain growth process, is low in the starting powders). Moreover, the dissolution of
WC grains in Fe based binders is much slower than in Ni or Co based ones [26]. This
combined with the WC grain growht inhibition effect of chromium additions could
explain the rounded morphology found for WC grains in most of these
compositions (Fig. 12). The only exception is alloy C1, where some WC polygonal
grains are found after sintering. This alloy has no chromium and high C content
suggesting that, under these conditions, the observed shape change in WC crystals
could be due to the activation of 2D nucleation phenomena described by several
authors as responsible for to this anisotropic growth [26].



Answers to Reviewer # 2 comments:

1- : The paper presents an interesting study on the effect of Cr and C on the sintering
of WC-Fe-Ni-Co-Cr, combining experimental results and thermodynamic
calculations.

Although it shows a good piece of work, supported by a good scientific discussion, there

is an aspect that should be reviewed in the beginning of the discussion. In fact, the

authors seem to neglect the relevant contribution of the initial solid state sintering for
the densification of hardmetals, when they say, related to Fig. 1:"....peak observed in
alloy C1 by with approx. double intensity. This means that shrinkage starts at higher
temperatures for the allow with lower C content....". This is incorrect, since shrinkage
starts at similar temperatures, ~10002C, Fig. 1, for both alloys by solid state sintering
processes, only the contribution of LPS appears at lower temperatures for the alloy with
higher C content.

Answer: This question is similar to comment 1 of Reviewer#1. We just focused on liquid phase
sintering phenomena and forgot to talk about the contribution of solid state sintering
mechanisms. We thank the referee for noticing this. Therefore, we have modified the text in
order to include it along with two additional references [22 and 23 in the new version]. The
new text is included at the beginning of Section 3.1. (a), in the part explaining Fig. 1.

2-  Some figures should be improved:

(i) The dilatometric curves in Fig. 1a) and 3a) and b) show a final shrinkage that is not
representative and should be removed; and why Fig 1c) has not the same scale as
1b)?

Answer: We have repeated some of these experiments and obtained the same
results. So, we consider that Figs. 1a and 3a are representative of the materials
behaviors. If the reviewer agrees, we would rather keep them in the revised
version. As the different scales in Figs. 1b and 1c, this is because they show
different magnitudes. Fig. 1b shows the shrinkage rate as a function of temperature
and Fig. 1c shows differential scanning calorimetry curves corresponding to the
same alloys.

(ii) The diagrams of Fig. 5 are not legible, the letters are very small, the lines of the
axes are not visible and the designation of the phases could be simplified.

Answer: Letters in Fig. 5 have been modified in order to make it more visible. With
all modifications made in the revised version, Figs. 4 and 5 have been renamed as
Figs. 6 and 7.

(iii) In Table 2 it misses the indication of the values obtained during cooling: "**Data
obtained from the cooling ramp"

Answer: This is a mistake. This table only includes data from the heating ramps. The
text "**Data obtained from the cooling ramp" has been removed from Table 2. In



addition, this table has been renamed as Table 3 in the revised version in order to
answer referee’s #1 questions.

Data obtained from the cooling ramp are included in new Table 4 in the revised
version.
3-  There are also some typos, namely in the title, and along the text to be corrected.

Answer: Typos and misspelling have been revised through the whole text to the
best of our knowledge.
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Cr alloying of WC-6wt.%%Fe-6wt%Ni-3wt.%Co alloys has been investigated for different
C contents.

Homogenization of the chemical composition of the binder phase is faster the lower the
C content of the alloy.

Although, Fe-Ni-Co (40/40/20) alloy is austenitic, BCC phases are partially stabilized in
the binder phase for low C and high Cr contents.

Precipitation of submicron Cr-rich carbides precipitate at the WC-metal interface is

avoided in the alloy with 0.75 wt.%Cr and 5.31 wt.%C.
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Abstract

WC-Fe-Ni-Co-Cr cemented carbides have been obtained by liquid phase sintering from WC-Fe-Ni-Co-
CrsC2 powder mixtures. Taking the 40wt.%Fe-40wt.%Ni-20wt.%Co alloy as a reference, new binder
phases has been prepared by introducing controlled amounts of Cr and C, via CrsCz and C black
powders respectively. As described for WC-Co-Cr materials, Cr additions are observed to reduce the
eutectic temperatures of the WC-Fe-Ni-Co system. First liquids detected on heating exhibit wide
temperature melting ranges, which become narrower and are displaced to higher temperatures on
repeated heating and cooling cycles. Apart from the decarburization associated to the carbothermal
reduction of powder oxides, this phenomenon could be also associated to the homogeneization of the
chemical composition of these multicomponent binder phases, which is faster as C content decreases.
Correlation between experimental melting and solidification temperature ranges and those predicted by
Thermocalc® is better as Cr content increases. Experimental C windows, defined in this work by the
absence of free C or n phases, are located at C contents higher than those estimated by Thermocalc®.
Although the 40wt.%Fe-40wt.%Ni-20wt.%Co alloy is austenitc, BCC phases are partially stabilized at
low C and high Cr contents. Although these compositions are free from n phases or free C, a
precipitation of Cr-rich carbides is found at the WC-metal interface. These precipitates are not observed
in the alloy with 0.75 wt.% Cr (i.e. 5 wt.% of the nominal metal content) and 5.39 wt.%C. This C content

is 0.17 wt.% higher than that predicted for precipitation of M7Cs.
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1. Introduction

The need for cobalt replacement in hardmetals has been historically associated to potential health
issues [1-3]. However, at present, it is driven by the risk of supply due to its increasing use in Li-ion
batteries for the automotive industry [4,5]. It is well known that total substitution of cobalt either by nickel
or iron leads to lower hardness and fracture strength values, although both oxidation and corrosion
resistance improve in the case of chromium additions [6-8]. Moreover, in the case of WC-Fe alloys, the
width of the so-called “carbon window” (i.e. the carbon range without precipitation of either free C or
secondary carbides) is significantly reduced. Therefore, it is very difficult to produce components from
WC-Fe materials at industrial scale. According to different authors, larger carbon windows are obtained
by combining Fe, Ni and Co, especially for compositions within the austenitic range [9,10]. Among them,
the alloy consisting of 40wt.%Fe-40wt.%Ni-20wt.%Co is one of the most promising due to its relatively
wide C window and its high toughness compared with other Fe-Ni-Co based compositions [9].
Alternatively, recent works have been focused on using high entropy alloys (HEA) as Co substitutes in
hardmetals [11-14]. Examples of these materials include combinations of Fe, Ni, Co, Cr, Cu and even
Al, where at least, 5 of these elements are present with near equiatomic ratios. Due to their high
configurational entropy, these alloys are expected to present very high chemical stability at high
temperatures, provided that all elements form a single solid solution phase [11,14]. The design of such
alloys is a challenging task since both thermodynamic studies and sintering experiments confirm the
precipitation of undesired phases when sintered in combination with tungsten carbide. This is the case
of compositions with high Cr contents, where precipitation of M7Cs and other Cr-rich carbides cannot be
avoided for any carbon content [15-18]. Moreover, no data have been found on critical properties as the
solubility of chromium in the binder phase of WC-Fe-Ni-Co alloys, which also contains differents
amounts of tungsten depending on the total carbon activity.

As mechanical properties are concerned, very little information is published about fracture strength
and toughness of cermets or cemented carbides with multicomponent binder phases. According to Chen
et al. [19], toughness values of WC-HEA cemented carbides are in the range of those reported for
standard hardmetals (Kic=17.4 MPa.\Vm for 20 wt.% binder content). However, their processing and
testing methods are far from standard procedures and more data are needed to confirm these promising
results. In the case of HEA cermets, toughness is clearly below that of standard TiCN cermets with Kic
values between 4 to 7 MPa.Ym for the same binder contents [20]. Taking this into account, a deeper

investigation is clearly needed in order to understand the correlation between these new microstructures



and the achivable mechanical properties. The present work is focused on WC-Fe/Ni/Co (40/40/20 in
wt.%) alloys, where C windows are wide enough for industrial processing. The objetive is to study the

changes induced by Cr alloying not only on the C window but also on the sinterability of these materials.

2. Experimental procedure

The mean particle size of as-received powders is included in Table 1. Over 50 different compositions
have been prepared with these materials in order to define with precision the compositional ranges free
of precipitation of undesired phases. A selection of 9 alloys corresponding to the upper and lower bounds
of the corresponding C windows are included in Table 1. The metal content was selected to be 15 + 1
wt.%, corresponding approximately to 26 + 1 vol.%, similar to that of cobalt in WC-15 wt.% Co alloys,
which were taken as reference. As previously explained, the ratio between Fe, Ni and Co was 40/40/20
(in wt.%) in all cases. Cr additions were carried out via CrsC: carbide and the C content was modified
by including either carbon black or tungsten powders in the mixtures. Mixing/milling was made in a
planetary equipment at 100 rpm for 5 hours using ethanol as liquid media and a ball to powder ratio of
6 (in wt.). Paraffin, used as pressing aid, was added in the last milling hour. Afterwards, the powders
were dried for 40 min at atmospheric pressure in a thermostatic bath (80+/-2°C). Green compacts were
obtained by double action pressing at 160 MPa. The equipment used in dilatometric experiments was a
Netzsch TA 402 E/7 and that used in differential scanning calorimetric tests was a TGA/DSC Setaram
Setsys Evolution 16/18. Dilatometric specimens were cylinders with both height and diameter of 5 mm.
DSC samples were cubes of aprox. 1 mm side. The heating cycle was the same in both types of
experiments. It consisted of a heating ramp of 10°C/min up to 1450°C. Dwelling time at this temperature
was 10 min. Argon at atmospheric pressure was used as a protective atmosphere. Temperatures T; and
T: correspond to the upper and lower bounds of the melting range of each DSC peak respectively and
were determined by using the SETSOFT software [21]. This software also allows for the calculation of

peak areas (A):
A= I_—¢ dT (eq. 1)

where ¢ is” the heat flux rate, and “4”is the heating rate.

As it is well known, the enthalpy of melting (AH:(T)) is needed to calculate the amount of liquid

produced during DSC experiments:
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No AH¢(T) values are available in the literature for the combination of metals studied in this work (i.e.
FeNiCoCrW alloys). Estimations of the amount of liquid generated during sintering are based on
comparing the corresponding DSC areas and, therefore, are only qualitative. In all cases, the heating
and cooling cycles was repeated thrice. The idea was to analyze how melting and solidification events
change during the binder phase alloying process. Afterwards, standard vacuum sintering experiments
were carried out in a industrial furnace with graphite heating elements at a heating rate of 10°C/min up
to 1450°C. The vacuum level used during this step was 10-2 mbar. Above this temperature, the pressure
was increased to 100 mbar by introducing argon in the furnace chamber and maintained during the 1 h
sintering plateau. C contents were measured by means of infrared spectrometry both in green compacts
and sintered materials. Standard 1SO 3369 was used for density measurements. Finally, the sintered
specimens were ground and polished down to 1 um diamond paste for microstructural analysis, which
was carried out by optical and scanning electron microscopy (FEG-SEM) and energy dispersive X-ray
spectroscopy (EDS). Phase identification was carried out by X-Ray diffraction (XRD) (with Ni-filtered
CuKa radiation) using Bragg-Brentano configuration. Vickers hardness was determined with 30 kg of

applied load at room temperature.

3. Results and discussion
3.1. Thermal analyses: dilatometry and calorimetry

(a) WC-FeNiCo (40/40/20) reference alloys

As seen in Fig. 1, carbon activity has a significant effect on the shrinkage of WC-FeNiCo (40/40/20)
alloys. The shrinkage rate of alloy C1 (with higher C content) exhibits two different peaks at 1337°C and
1369°C. However, alloy C2 (with lower C activity) has only one at 1368°C. This temperature coincides
with that of the second peak found in alloy C1. However, its intensity is aprox. 100% higher. This means
that shrinkage begins at higher temperatures as C content decreases in these alloys but at a higher rate

than that found in low C materials.

Shrinkage onset occurs at lower temperatures in the low C alloy (i.e. C2), which agrees with

previous dilatometric data carried out on WC-Co alloys [22,23]. According to these authors, densification



is related to solid state spreading of the binder, which is enhanced in low carbon WC-Co alloys due to
their lower interface energy. As temperature increases above 1300°C, shrinkage acceleration is much
higher in the high C alloy (C1), which, according to DSC data (Fig. 1c), is related to the presence of a
liquid phase. Liquid formation is delayed in the case of alloy C2, but when it happens leads to a higher
total shrinkage. DSC data show that liquid formation occurs in a much wider temperature range for alloy
C1 than for alloy C2: 122°C and 51°C respectively. Moreover, the area enclosed by these DSC
endothermic peaks, calculated using eq. 1, is 32% higher for Alloy C2 than for Alloy C1 (20.26 J/g vs.
15.27 J/g respectively). Areas of exothermic peaks found on cooling are only 21% higher for Alloy C2
than for Alloy C1 (25.7 and 21.2 J/g respectively). These data suggest that a higher amount of liquid
could be present in the alloy with lower C content. Therefore, the significant shrinkage acceleration
observed during the heating ramp of the dilatometric cycle could be due to larger contribution of
rearrangement mechanisms during liquid phase sintering.

It is also worth noting that exothermic peaks detected in the cooling ramp are narrower than
endothermic peaks found on heating. Considering Thermocalc® calculations carried out with TCFE10
database, these results suggest that certain decarburization occurs during the DSC cycle (Fig. 2).
Nevertheless, the melting range calculated for the upper carbon limit of the 2 phase domain is of 69°C
(far from the 122°C measured experimentally for Alloy C1). On the lower C side, the melting range
corresponding with no presence of MeC is only 9°C. Again, far from the 51°C measured experimentally
for Alloy C2. Thus, although decarburization definitely plays a role on melting and solidification events,
there is also contribution of kinetic effects, since DSC cycles are far from equilibrium conditions.
Homogenization of the chemical composition of the binder phase could be the cause of this discrepancy
between experiments and thermodynamic calculations.

The scale of microstructural segregation can be estimated by EDS mapping performed on the
surface of green compacts (Fig.3). These analysees confirm the presence of Fe and Ni agglomerates
with sizes ranging from 8 to 20 um. Although, it is not perceptible in these images, it is also worth
mentioning that composition C1 contains four times more black carbon addition than Alloy C2.

Repeated DSC experiments on specimens of Alloy C1 show that endothermic peaks become
narrower and shifted towards higher temperatures as the cycle is repeated once and twice (Fig. 4a).
The same happens with solidification peaks, but, in this case, there is not much difference between
those corresponding to the second and the third DSC cycles. Again, this can be related to the

contribution of decarburization and homogenization phenomena. In the case of Alloy C2 (Fig. 4b),



melting peaks also become narrower on repeated heating and cooling, but, in this case, the
temperatures corresponding to both endothermic and exothermic peaks do not change. If
decarburization progressed during 2" and 3 DSC cycles, there should be a change in the solidification
interval associated to the precipitation of MeC at higher temperatures (see. Fig. 2). Therefore, this could
indicate that the carbon content has not changed and the composition of the binder phase in Alloy C2

is already homogeneous after the first DSC cycle.

(b) Chromium alloying of WC-FeNiCo (40/40/20) materials

As seen in Table 2, the Cr contents selected in this study range from 0.75 to 2 wt.% Cr
(corresponding to 5 to 12 wt.% with respect to the nominal Fe+Ni+Co+Cr content). The effects of such
additions on shrinkage and shrinkage rate curves are shown in Fig. 5. Again, the effect of C content is
to be taken into account.

Thus, in high C alloys (Figs. 5a and 5b), chromium additions tend to increase the total shrinkage
after sintering. The shape of shrinkage rate graphs vs. temperature change from composition C6 (with
1 wt.% Cr) in which only one asymmetric peak is observed (with the minimum located at 1340°C) to
composition C8 (with 2 wt.% Cr), in which two shrinkage rate peaks are clearly distinguished. These
peaks appear shifted towards lower temperatures as Cr content increases, which is consistent with that
reported for WC-Co-Cr alloys, where Cr additions are found to reduce the melting temperatures by more
than 100°C [24]. This is also the case in WC-FeNiCoCr alloys, as confirmed by DSC experiments (Table
3 and Figs. 6 and 7). These data prove that liquid appears at 1200°C-1218°C in the alloys with 1 and 2
wt.% Cr content (C6 and C8), but not in Alloy C3 (with 0.75wt%Cr), where melting onset is detected at
~ 1290°C. Therefore, a minimum Cr seems to be needed to form enough liquid around 1200°C in this
system. This indicates that Cr becomes less available for liquid formation as it is dissolved in the FeNiCo
binder phase. As described in the previous section, this dissolution process can be studied by analyzing
the changes of DSC peaks after repeated heating and cooling DSC cycles. Again, only one melting
event is detected after the 3@ DSC cycle in all cases indicating that the compositions of their binder
phases have been homogenized. As described for the alloys without Cr, peaks obtained after 3 repeated
DSC cycles are narrower and shifted towards higher temperatures and no Cr rich eutectics are present
in any of the studied systems.

In low C alloys, the total shrinkage does not show a clear trend with the Cr content (Fig. 5c). The

maximum total shrinkage is obtained for alloy C7 (16.4%), whereas C5 (with half the Cr content of C7)



and C9 (with double Cr content) only reach 13.0% and 14.7% respectively. Shrinkage rate curves show
that, in these two latter cases, shrinkage deccelerates sharply once the peak is exceeded, contrary to
what happens in high C compositions (compare Figs. 5b and 5d).

DSC experiments carried out on low C materials show that the eutectic found between 1200°C and
1218°C in high C compositions disappears in composition C7 (twin of C6 but with low C) and is displaced
to higher temperatures in alloy C9 (twin of C8 but with low C) (see Figs. 6 and 7). These phenomena
suggest that, when C activity decreases, CrsC: carbide powders are more prone to dissolve in the binder
phase of WC-FeNiCo (40/40/20) materials than to be involved in low eutectic reactions.

Table 4 includes the temperature ranges of solidification measured for the 15t and 3@ DSC cycles
for each WC-FeNiCoCr alloy. Solidification ranges estimated by Thermocalc ® (TCFE 10 database) are
also included along with C windows defined by the only presence of WC (MC_SHP) and FCC_A1
phases (Figs. 8 and 9). Thermocalc estimates are considered to be better related to solidification DSC
events because the system is closer to equilibrium conditions after being 10 min at 1450°C. In addition,
the C content measured by IR corresponds to sintered specimens after all decarburization phenomena
related to carbothermal reduction of powder oxides. The absence of free C or MsC phases was
confirmed in all sintered specimens. Taking this into account, these data show that correlation between
TC® estimations and experimental values is better as the Cr content increases within the studied range.

For lower Cr contents, estimations are clearly below experimental data.

3.2. Vacuum sintering experiments

Samples sintered in vacuum were used for microstructural analyses and the determination of the
total C content by means of infrarred spectrometry. As described in the experimental procedure over 50
compositions were studied in order to determine the experimental C windows. Comparison of these
values with theoretical predictions carried out by TC® software show a reasonable agreement in the
widths of C windows. However, in all cases, the experimental ones are displaced towards higher C
contents. Typical C windows, defined by the absence of free C and n phases, are now narrower due to
the precipitation of Cr-rich M7Cs carbides (Fig. 8).

Density values are, in all cases, above 99% T.D.. According to ISO 4499-4 standard, porosity in C1
and C2 alloys ranges from A00-B0O0-C00 to A02-B04-C00. In Alloys with 2wt.%Cr, porosity goes from

A02-B02-CO00 in high C compositions (alloy C8) to A04-B04-C00 in low C ones (alloy C9).



Identification of crystalline phases in vacuum sintered samples has been carried by X-ray diffraction
(Fig. 10). Only austenite (FCC) and ferrite (BCC) peaks are identified as constituents of the binder
phase, the rest correspond to the WC phase. This means that other carbides, if present, are below the
XRD detection level (~ 1 vol%). The FCC to BCC ratios, estimated by the direct comparison method
[25], show that most high C alloys have austenite as the major constituent of the binder phase (Fig. 11).
This is due to the well known FCC stabilizing effect of both C and Ni in Fe based alloys. On the contrary,
a higher amount of BCC phase is found in low C alloys with Cr additions, which is due to the BCC phase
stabilizer effect of Cr in Fe alloys. In the case of alloy C6 (with 1wt.%Cr), C content after sintering is not
high enough to stabilize the FCC phase.

XRD analyses have been complemented with scanning electron microscopy to confirm the absence
of free C and n phases (Fig. 12). There are no large differences between mean WC grain sizes of alloys
with or without Cr, which is likely due to the fact that the selected WC powders were already large (that
is, the original surface area, which is the driving force for the grain growth process, is low in the starting
powders). Moreover, the dissolution of WC grains in Fe based binders is much slower than in Ni or Co
based ones [26]. This combined with the WC grain growht inhibition effect of chromium additions could
explain the rounded morphology found for WC grains in most of these compositions (Fig. 12). The only
exception is alloy C1, where some WC polygonal grains are found after sintering. This alloy has no
chromium and high C content suggesting that, under these conditions, the observed shape change in
WC crystals could be due to the activation of 2D nucleation phenomena described by several authors
as responsible for to this anisotropic growth [26].

At higher magnification, SEM images also show that submicron Cr-rich carbides precipitate in alloys C8
and C9 (with 2 wt.%Cr), mainly at WC-binder interfaces (Fig. 13). Detailed EDS mappings show that
these carbides may contain Fe and Co but not Ni. These carbides are also identified in compositions
C6 and C7(both with 1wt.%Cr), but are less frequent.

Finally, in alloys with 0.75 wt.% Cr (i.e. C3, C4 and C5), only the one with higher C content (C3) contains
Cr-rich carbides, being Alloys C4 and C5 free of them (Fig. 14). Their C contents are 5.39 and 5.31 wt.%
respectively (Table 4), which are 0.09 and 0.17% wt.% higher that those calculated by Thermocalc ®
for M7Cs precipitation (= 5.22 wt.% C). Anyhow, qualitative trends are in good agreement and consistent
with thermal analyses, suggesting that the solubility limit of Cr in Fe-Ni-Co (40/40/20) alloys depends

critically on the C activity. It is also possible that these phases could be dissolved in subsequent thermal



treatments, although in vacuum sintering cycles the dwelling time at 1450°C was 6 times longer than in

DSC tests. TEM work is being carried out to determine the crystallographic nature of these precipitates.

4. Conclusions

Chromium alloying of WC-6wt.%%Fe-6wt%Ni-3wt.%Co cemented carbides has been investigated for
different carbon contents. Low melting eutectics (1200°C-1218°C) are detected on first heating for Cr
contents of 1 and 2 wt.% and for C contents near the upper bound of the corresponding C windows.
These eutectics disappear on repeated heating and cooling experiments, being substituted by narrower
peaks occurring at higher temperatures. These phenomena are likely related to the decarburization
associated to carbothermal reduction of powder oxides and the homogeneization of the chemical
composition of these multicomponent binder phases. Thermocalc® predictions of melting and
solidification temperature ranges are closer to experimental data for high Cr contents. The predicted
location of C windows, defined in this work by the absence of free C or n phases, is displaced to lower
C contents when compared with experimental results. As expected from their high Ni content, binder
phases are mainly austenitic for high C compositions. However, a BCC phase is partially stabilized in
compositions with low C and high Cr contents. In compositions with neither free C nor n phases, high
magnification SEM images show the presence of submicron Cr-rich carbides precipitated at the WC-
metal interface. These Cr-rich carbides disappear in composition C4 with 0.75 wt.% Cr and 5.39 wt.%

C. This C content is 0.17 wt.% higher than that predicted by Thermocalc ®.for precipitation of M7Cs.
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FIGURE CAPTIONS

Fig. 1 (a) Shrinkage vs. temperature of compositions C1 and C2 in Table 1. Both are WC-15wt.%
(40Fe40Ni20Co) alloys with high and low C contents respectively within the C window, (b) shrinkage

rate vs. temperature of the same compositions, (c) DSC plots corresponding to the same thermal cycle.

Fig. 2 Isopleth corresponding to W-C-Fe-Ni-Co system calculated with Thermocalc® software using

TCFE10 database.

Fig. 3 BSE-SEM micrograph of the surface of a green compact corresponding to composition

C4_medium C content (see Table 2).

Fig. 4 Effect of three repeated thermal cycles on DSC heat flow vs. temperature curves: (a) alloy C1

and (b) Alloy C2.

Fig. 5 Shrinkage and shrinkage rate of WC-FeNiCo (40/40/20) alloys with different Cr additions: (a and

b) compositions with high C content, (¢ and d) compositions with low C content.

Fig. 6 DSC plots corresponding to WC-FeNiCoCr alloys with high C contents: (a) Alloy C3 (0.74wt.%Cr),
(b) Alloy C6 (1wt.%Cr) and (c) Alloy C8 (2wt.%Cr). Data from 1st and 3 repeated thermal cycle are

included in all cases.

Fig. 7 1d. as Fig. 4 for WC-FeNiCoCr alloys with low C contents: (a) Alloy C5 (0.74wt.%Cr), (b) Alloy C7
(Awt.%Cr) and (c) Alloy C9 (2wt.%Cr). Data from 15t and 3 repeated thermal cycle are included in all

cases.

Fig. 8 Isopleths corresponding to W-C-Fe-Ni-Co-Cr systems with increasing Cr contents calculated with

Thermocalc® software: (a) 0.75 wt.%Cr, (b) 1 wt.%Cr and (c) 2 wt.%Cr. TCFE10 database.



Fig. 9 Temperatures corresponding to the onset and end of solidification peaks detected in the 15t and
3 DSC cycles: (a) High C alloys and (b) Low C alloys. Blue rectangles represent the solidification

ranges estimated by Thermocalc ® (TCFEL10).

Fig. 10 X-ray diffraction patterns corresponding to high and low C WC-FeNiCo alloys with different Cr

additions: (a) 0 wt.%, (b) 0.75 wt.%, (c) 1 wt.% and (d) 2 wt.%.

Fig. 11 Estimation of FCC vol. fraction in the binder phase of WC-FeNiCoCr alloys by the direct

comparison method [25].

Fig. 12 BSE-SEM micrographs corresponding to WC-FeNiCoCr alloys. Compositions C1,C4, C6 and

C8 correspond to high C contents and C2, C5, C7 and C9 to low C ones.

Fig. 13 BSE-SEM high magnification image of composition C8 along with EDS mappings of main
constitutive elements. Red arrows identify Cr-rich carbides which precipitate at the WC-metal interface.

Cr content (12 wt.%) is calculated with respect to Fe+Ni+Co+Cr nominal content of the alloy.

Fig. 14 BSE-SEM high magnification images corresponding to: (a) alloy C3 (high C) and (b) alloy C5

(low C). EDS mappings of alloy C5 (c) show no precipitation of Cr-rich phases.
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Relative content of FCC phasein the

m etallic binder (vol.%)

- =
- =
-

-@-High C alloys

-4 Low C alloys

0.5

®
\
\
\
\
\
\
\
\
\
\ rd
\ //
\ /, -
\ - -
\A—,/
e
’®
/
\ ,
\ /
\ /
\"
T

Cr content (wt.%)

Fig. 11

1.5 2



Figure 12

7
Aloy C c1 5395001 ’Q; Alloy C6:5. 37+o 01 al‘-’;z oy

2pm ERT= 1500KY Signal A= HDAsB
wo= 86 mm Mag= 500KX

ceit 1o |

AIon C5:5.3140.02 "*r',;

b

. T
tm EHT = 1500 kV Signal A= HDAsB
I H Wo=5.2mm Mag= 5.00KX




Figure 13
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