CHAL

UNIVERSITY OF TECHNOLOGY

Mapping the mechanical properties of cobalt-based stellite alloys
manufactured via blending

Downloaded from: https://research.chalmers.se, 2025-12-05 01:47 UTC

Citation for the original published paper (version of record):

Ahmed, R., Jabir Hussain, A., Davies, S. (2024). Mapping the mechanical properties of cobalt-based
stellite alloys manufactured via blending. Advances in Materials and Processing Technologies, 10(3):
2531-2560. http://dx.doi.org/10.1080/2374068X.2023.2220242

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)




e e [ e e Taylor & Francis
ADVANCES IN Taylor &Francis Group
MATERIALS AND

SasESSlNE  Advances in Materials and Processing Technologies

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tmpt20

Mapping the mechanical properties of cobalt-
based stellite alloys manufactured via blending

R. Ahmed, A. Fardan & S. Davies

To cite this article: R. Ahmed, A. Fardan & S. Davies (2023): Mapping the mechanical
properties of cobalt-based stellite alloys manufactured via blending, Advances in Materials and
Processing Technologies, DOI: 10.1080/2374068X.2023.2220242

To link to this article: https://doi.org/10.1080/2374068X.2023.2220242

8 © 2023 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

A
h View supplementary material &

@ Published online: 02 Jun 2023.

\]
C;/ Submit your article to this journal &

||I| Article views: 72

A
& View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallinformation?journalCode=tmpt20


https://www.tandfonline.com/action/journalInformation?journalCode=tmpt20
https://www.tandfonline.com/loi/tmpt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/2374068X.2023.2220242
https://doi.org/10.1080/2374068X.2023.2220242
https://www.tandfonline.com/doi/suppl/10.1080/2374068X.2023.2220242
https://www.tandfonline.com/doi/suppl/10.1080/2374068X.2023.2220242
https://www.tandfonline.com/action/authorSubmission?journalCode=tmpt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tmpt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/2374068X.2023.2220242
https://www.tandfonline.com/doi/mlt/10.1080/2374068X.2023.2220242
http://crossmark.crossref.org/dialog/?doi=10.1080/2374068X.2023.2220242&domain=pdf&date_stamp=2023-06-02
http://crossmark.crossref.org/dialog/?doi=10.1080/2374068X.2023.2220242&domain=pdf&date_stamp=2023-06-02

ADVANCES IN MATERIALS AND PROCESSING TECHNOLOGIES Taylor & Francis

https:/doi.org/10.1080/2374068X.2023.2220242 Taylor & Frandis Group

8 OPEN ACCESS ) Check for updates

Mapping the mechanical properties of cobalt-based stellite
alloys manufactured via blending

R. Ahmed(®?, A. Fardan(" and S. Davies©

aSchool of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, UK; "Department of
Industrial and Materials Science, Chalmers University of Technology, Goteborg, Sweden; ‘Bodycote HIP Ltd,
Chesterfield, UK

ABSTRACT ARTICLE HISTORY
Stellite alloys have good wear resistance and maintain their Accepted 26 May 2023
strength up to ~ 600°C, making them suitable for various industrial
applications like cutting tools and combustion engine parts. This Stellite alloys; Blending:
investigation was aimed at i) manufacturing new Stellite alloy Structure_pm'perty '
blends using powder metallurgy and ii) mathematically mapping relationships; Hiping;
hardness, yield strength, ductility and impact energy of base and Mathematical model;
alloy blends. Linear, exponential, polynomial approximations and Powder metallurgy
dimensional analyses were conducted in this semi-empirical math-

ematical modelling approach. Base alloy compositions similar to

Stellite 1,4, 6, 12, 20 and 190 were used in this investigation to form

new alloys via blends. The microstructure was analysed using

Scanning Electron Microscopy (SEM) and X-ray Diffraction (XRD).

Mechanical performance of alloys was conducted using tensile,

hardness and Charpy impact tests. MATLAB® coding was used for

the development of property maps. This investigation indicates

that hardness and yield strength can be linked to the wt.% compo-

sition of carbon and tungsten using linear approximation with

a maximum variance of 5% and 20%, respectively. Elongation and

carbide fraction showed a non-linear relationship with alloy com-

position. Impact energy was linked with elongation through poly-

nomial approximation. A dimensional analysis was developed by

interlinking carbide fraction, hardness, yield strength, and elonga-

tion to impact energy.

KEYWORDS

1. Introduction

Stellite alloys are cobalt base ternary alloys which use chromium with tungsten or
molybdenum as the main alloying elements. Carbon content in these alloys dictates
carbide formation. These alloys are used to resist wear, oxidation and corrosion in harsh
lubrication starved and high temperature environments [1,2]. The chemical composition
and the manufacturing route of these alloys influence the structure property relationships
and thus their industrial applications. These structure property relationships rely on
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optimising the combination of hardness, toughness, fatigue resistance and yield strength
along with microstructural features such as carbide size and distribution, solid solution
strengthening and chemical composition influencing corrosion, wear and oxidation
[3,4]. Base Stellite alloys exhibit excellent resistance to wear, galling, corrosion, and
oxidation [2,3,5-8]. Some of these alloys maintain these properties at elevated tempera-
tures up to 600 °C. They were earlier used in cutting tools, hard-facing and corrosion-
resistant casting but currently form a crucial part of power generation, steel manufactur-
ing, chemical processing, oil and gas and marine industries [4,9-11]. These alloys can be
manufactured through different techniques such as casting, surface coating, and powder
metallurgy (Hot Isostatic Press, HIP), making them attractive for industrial applications
[2-11]. Although these alloys’ composition and manufacturing route have long been
researched to optimise their performance for various industrial applications, there has
been limited research in forming new alloy blends using the base Stellite alloys. This
paper, therefore, considers structure property relationships of new alloy blends made
from base Stellite alloys.

Most conventional alloys developed for manufacturing techniques such as powder bed
fusion or powder metallurgy are alloyed in the melt before powders are obtained from
atomisation. However, the atomisation process is expensive and tedious, limiting the
alloy variations that can be studied in alloy development. Mechanical Alloying (MA) is
a solution to overcome this limitation where metal and/or metal oxides can be alloyed
[12]. MA is a solid-state powder manufacturing technique where powder particles
undergo repeated cold welding, fracturing and re-welding in a ball mill. The powder is
then consolidated through solid-state processing like sintering or hot isostatic pressing.
One of the most successfully MA materials is oxide dispersion strengthened Fe-base and
Ni-base superalloys for the aerospace industry, where this technique has been used to
manufacture various materials [13]. Recent research shows that MA has also been utilised
to manufacture high entropy alloys (HEAs) [14], nanocomposites [15], nanocrystalline
materials [16], oxide dispersion strengthened (ODS) steel [17] and a variety of other
materials classes [18], which shows the superiority over conventional alloying for selected
applications. MA can be used to blend elemental powders, which can give unique
properties, and it becomes important to develop mathematical models to correlate
composition with properties [19].

Mathematical models relating chemical composition to the property are critical in
reducing the time and effort required to develop complex alloys. Machine Learning (ML)
is one such model that can guide high-throughput experiments to map and optimise new
alloy systems for each target property [20]. This approach provides a new knowledge-based
framework design to tailor Compositionally Complex Materials (CCMs, both alloys and
ceramics) with the required combination of tribo-mechanical properties. Both mechanical
and tribomechanical modelling of alloys and coatings has also been attempted using the
semi-empirical design approach, where both mechanical properties and derived perfor-
mance parameters such as fatigue and wear resistance can be modelled [1].

The superior strength and wear resistance of Co-based alloy is due to the
localised FCC (face centred cubic) to HCP (hexagonal closely packed) transforma-
tion during deformation, solid solution strengthening by tungsten and the forma-
tion of hard Cr/W-rich carbides [4]. The structure-property relationships, along
with tribological evaluations of Stellite alloys manufactured using casting [21-26],
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HIPing [22-26] or re-HIPing [21,23] were previously reported. A recent investi-
gation by Ahmed et al. [19] considered structure-property relationships of new-
Cobalt based alloy manufactured by blending standard Stellite powders. Cobalt
alloys manufactured by blending can be tailored for specific industrial applica-
tions, which can be cost-effective. This paper utilises different Stellite alloys,
which are first blended in different proportions in their powder form and then
consolidated using HIPing, followed by an evaluation of microstructure and
mechanical properties. The blending allows for varying the alloying elements C,
Cr, and W, which are then correlated with the mechanical properties of the alloy.
The experimental data points from the properties obtained were then utilised to
form mathematical models. Different approximations such as linear, polynomial
and exponential were explored to analyse properties and their results are pre-
sented and discussed. This research aimed to develop models to predict the
properties of a new HIPed Stellite alloy with given chemical composition. This
is the first modelling work to address the quantitative correlation between alloying
elements and the mechanical properties of Stellite alloy blends.

2. Methodology
2.1. Material

Three alloy groups (blend A, B and C) were considered in this study and are
summarised in Table 1. Each group consisted of two base alloys and blend alloys,
which were blends of the base alloys with different blend ratios, such as 25/75, 50/
50 and 75/25 in wt.%. The chemical composition was provided by Deloro Stellite
(UK) and measured using ICP-OES (inductively coupled plasma-optical emission
spectroscopy) with specific standards developed for Stellite alloys and validated via
wet chemistry. The powders were gas atomised and mixed using standard indus-
trial powder blending techniques. For the blends of the base alloys, they were
blended by tumbling in a powder hopper as described in the patent by Saveker
[27]. This was followed by HIPing which was carried out for a soaking tempera-
ture of 4hours at a temperature and pressure of 1200 °C and 100 MPa,
respectively.

Table 1. The chemical compositions of the HIPed Stellite alloys and blends A, B and C in wt.%.

Stellite Co Cr w Mo C Fe Ni Si Mn

Blend A A1 (Stellite 6 (HS6)) Bal. 29.50 460 022 1.09 209 245 132 027
A3 (50% HS6 + 50% HS20) Bal. 30.68 10.45 0.25 1.72 2.30 2.37 1.16 0.27

A5 (Stellite 20 (HS20)) Bal. 3185 1630 027 235 250 228 1.00 0.26

Blend B Stellite 1 (HS1)) Bal. 31.70 12.70 0.29 247 2.30 2.38 1.06 0.26

B1 (
B2 (75% HS1 + 25% HS12) Bal. 3119 1156 027 223 224 230 1.02 026
B3 (50% HS1 + 50% HS12) Bal. 3068 1043 025 198 219 221 099 027
B4 (25% HS1 + 75% HS12) Bal. 30.16 929 022 174 2313 213 095 027
B5 (Stellite 12 (HS12)) Bal. 29.65 815 020 149 207 204 091 027
Blend C  C1 (Stellite 4 (HS4)) Bal. 31.00 1440 012 067 216 182 1.04 026
C2 (75% HS4 +25% HS190)  Bal. 3006 1440 034 131 215 207 1.03 027
(3 (50% HS4 +50% HS190)  Bal. 2913 1440 016 194 213 232 102 029
C4 (25% HS4 +75% HS190)  Bal. 2819 1440 038 258 212 256 1.01 030
C5 (Stellite 190 (HS190)) Bal. 2725 1440 020 321 210 281 1.00 031
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2.2. Scanning electron microscopy (SEM) and energy dispersive x-ray
spectroscopy (EDS)

The microstructure of Stellite alloys was observed using SEM with back-scattered elec-
tron (BSE) and secondary electron (SE) detectors. The HIPed Stellite alloy samples were
prepared in a manner to minimise the strain-induced phase transformation from FCC to
HCP during the mechanical polishing operations [28]. The chemical compositions of the
phases identified from the microstructure were examined using the EDS.

The SEM images, particularly in the BSE mode of operation, present a clear brightness
contrast between the individual phases, e.g. Cr-rich carbides, W-rich carbides, and Co-
rich matrix. Therefore, using the image analysis software (Image]J), the area fractions of
each phase identified from the SEM image were computed.

2.3. Hardness, tensile and Charpy impact tests

The Vickers hardness of Stellite alloys was measured at both macro- and micro-level.
A conventional Avery hardness tester was used for macro-hardness measurement under
294 N (30 kgf) load. The micro-hardness was measured on the MVK-H1 hardness tester
under a 2.94 N (300 gf) load. Five measurements on the macro-hardness and ten on the
micro-hardness were conducted on each alloy.

The tensile tests were carried out on an Instron tensometer following the BS EN 10,002
standard [29]. The dumbbell-shaped specimens, with 25 mm gauge length and 4 mm
diameter, were used in this investigation. The tests were conducted at 0.05 mm/min,
equalling a strain rate of 0.000033 s~'. Three tests were conducted on each alloy. The
fracture sections were examined via SEM.

The Avery Charpy impact tester was used in this investigation. The maximum
capacity of the machine was 298 J (220 ft. Ib). All samples were unnotched, with dimen-
sions of 10 mm x 10 mm X 55 mm. The impact rate was 5m/s (16.5 ft/sec). Three tests
were conducted on each alloy, and averaged values are reported.

2.4. Mathematical modelling

The Stellite alloys investigated in this project have carbon content ranging from 0.67 (C1,
Stellite 4) to 3.21 (C5, Stellite 190), and tungsten content ranging from 4.30 (A1, Stellite 6)
to 16.30 (A5, Stellite 20). However, they represent only a few discrete points in the chemical
composition map of cobalt-based alloys, as summarised in Figure 1a. Analytical work can
be applied to link these experimental data points and construct a generalised composition-
property model where the mechanical properties (such as hardness and impact energy) can
be estimated for a given blend. As discussed later, modelling properties is a multivariate
problem that can be solved via numerical and dimensional analysis.

2.4.1. Numerical analysis

Numerical analyses such as polynomial interpolation, cubic spline interpolation, and
least-squared approximation can be used to construct a function that fits the experi-
mental data points. This approximation can then be employed for interpolation to
estimate unknown values. Interpolation with a single polynomial is a simple way of
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Figure 1. (a) the chemical composition distribution map of Stellite alloys. A, B and C refers to the alloys
shown in Table 1, (b) Illustration of the mathematical model. Cw = Tungsten content in wt.%, Cc =
Carbon content in wt.%, C=Total area fraction of carbides in %, El = Percent elongation in %, Ys =
0.1% offset yield strength in MPa, H = Vickers macro-hardness, | = Un-notched Charpy Impact Energy
inJ.

fitting data points. However, the interpolation function will be a high order polynomial
for large datasets, which naturally oscillates and may not represent the actual trend.
Therefore, interpolation is sometimes applied in a piecewise manner where different low-
order polynomials are used to interpolate successive data pairs. Cubic spline interpola-
tion is the most commonly used method in such a situation. The least-squared approx-
imation is a method to construct a function that minimises the sum of squared deviations
from the function to each data point with an assumed linear or non-linear relationship.
The difference between interpolation and least-squared approximation is that the inter-
polation function strictly fits the data points, whereas the approximating function does
not. Nevertheless, the approximation method does seek a relationship between the
variables and results, with the trend of the relationship assumed. Details about the
algorithms of these numerical methods can be seen elsewhere [30]. Some work of
numerical analysis, such as two-dimensional interpolation and cubic spline interpolation
was done using MATLAB [31].

2.4.2. Dimensional analysis of stellite alloys

Dimensional analysis is used to check the correctness of physical equations and/or
derive formulas and equations simply from the notion of dimensions of physical
quantities. Using dimensional analysis, the relationship between selected physical
quantities can be derived based on the requirement that each side of any equation
should have the same dimensions in length, mass and time, i.e. dimensional homo-
geneity. Details of the dimensional analysis method can be seen in [32].
Dimensionless groups, which are combinations of dimensional and dimensionless
variables with no overall dimension, can arise from the results obtained through
dimensional analysis. In engineering studies, dimensionless groups, e.g. Reynolds
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Table 2. Variables used in the modelling analysis and their dimensional formulas.

Symbol Physical quantity Unit Dimensional formula
Cw Tungsten content wt.%

Cc Carbon content wt.%

Cer Chromium content wt.%

C Total area fraction of carbides % -

H Vickers macro-hardness (load: 294N, 30kgf) kgf/mm? L"mT2

I Un-notched Charpy impact energy J *MT?

Ys 0.1% offset yield strength MPa 'mT?

El Percent elongation % -

number, are frequently adopted as criteria of theories. Notably, the number of
independent dimensionless groups equals the number of variables minus the number
of fundamental dimensions.

Table 2 gives the physical variables related to the mechanical properties of HIPed
Stellite alloys. The dimensional formulas are presented as the combinations of the three
absolute units, namely, length (L), mass (M), and time (7).

Figure 1(b) illustrates how the analytical work is implemented. The supplementary
information of Figure 1(b) can be found in Appendix A: Supplementary information for
analytical modelling. As the basic mechanical property, hardness is closely related to
chemical composition. Carbide fraction is an important factor in terms of microstruc-
ture, and it also depends on the chemical composition, i.e. Cw and Cc. Both relationships
can be derived via numerical analysis. The elongation is not only connected with Cw and
Cc but also with carbide fraction, as the carbide/matrix boundaries played an important
role in crack initiation and propagation during tensile testing. A simple relationship can
be found between yield strength and hardness. The impact energy has relatively compli-
cated relationships with the other mechanical properties, as it depends on material
hardness, microstructure (carbide/matrix boundaries), ductility, and strength.
Therefore, dimensional analysis is applied to appreciate the relationship between impact
energy and the various properties, e.g. elongation and carbide fraction.

3. Results and discussion
3.1. Microstructure

3.1.1. Blend A

The HIPed microstructure of alloys from blend A (A1, A3 and A5) are shown in Figure 2.
Carbon and tungsten composition of the A2 (75/25-Stellite 6 and 20) and A4 (25/75
composition of Stellite 6 and 20) would be very similar to that of B5 and C3, respectively
(Figure 1a), and hence were not considered in the current investigation. The area fraction
of the phases observed in blend A is summarised in Table 3. There were two distinct
secondary phases, the dark phase and the light phase, in A5 (Figure 2c), whilst only the
former appeared in Al (Figure 2a). A3 consisted of two regions resembling Al and A5,
which are labelled in Figure 2b. The EDS analysis indicated that the dark phase was Cr-
rich carbides, and the light phase was W-rich carbides. The X-ray diffraction (XRD)
spectrums are shown in Figure 3, which suggests that the possible phases were a-cobalt
(FCCQ), Cr;C5, CosW, Co, W, for Al, and a-cobalt (FCC), Cr;Cs, Cr,3Cs, CosW, Co, Wi,
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Figure 2. The microstructure of HIPed Stellite alloy (a) A1(HS6); (b) A3; (c) A5 (HS20) [19].

Table 3. The area fraction of the individual phases in the HIPed Stellite alloys and blends A, B and C.

Co-rich matrix

Cr-rich carbide

We-rich carbide*

W-rich CoCrW solid solution

Blend A

A1 (Stellite 6) Grey, 82.1+1.7%
A3 Grey, 66.1+ 1.4 %
A5 (Stellite 20) Grey, 51.1+ 1.4%

Blend B

B1 (Stellite 1) Grey, 59.2 +3.4%
B2 Grey, 63.3+2.2%
B3 Grey, 63.4+1.2%
B4 Grey, 69.3 + 2.6%

B5 (Stellite 12)

Blend C
C1 (Stellite 4)

Grey, 69.8 +0.7%

Dark grey, 67.9 + 1.0%

Q Grey, 61.3 +£0.9%
(&} Grey, 60.3 +1.1%
c4 Grey, 52.1+2.7%

Dark, 17.9+1.7%
Dark, 22.1 +£0.9%
Dark, 24.2 + 1.0%

Dark, 27.5 £1.2%
Dark, 24.2 £2.5%
Dark, 25.4 £ 2.6%
Dark, 23.2 £ 1.6%
Dark, 25.1£0.7%

Grey, 14.6 £ 1.1%
Dark, 23.2 + 0.4%
Dark, 23.3 + 0.8%
Dark, 31.8 £1.3%

Light, 11.2 +0.5%
Light, 24.7 + 0.7%

Light, 13.3 +2.5%
Light, 12.5 +0.3%
Light, 11.2 +1.5%
Light, 7.5+ 1.1%
Light, 5.2 + 0.6%

Light, 2.5 +0.4%
Light, 15.5 + 1.0%
Light, 16.4 + 0.8%
Light, 16.1+1.5%

Light grey, 15.1 + 0.6%

C5 (Stellite 190) Grey, 47.4+0.5% Dark, 36.7+1.3% Light, 15.8+1.2% -

CosW,C for HIPed A5. A3 consisted of a-cobalt (FCC), Cr,C;, CosW, Co,W¢ and
CogW,C.

The dual region obtained from blending A1 and A5 powders can be useful for design
in certain engineering applications, e.g. providing strength and ductility. The original
regions where the Al and A5 powders existed during the HIPing of A3 alloy are defined
as Al-like and A5-like regions. There was much higher tungsten and carbon content in
A5 powder than in A1l powder. During the HIPing process, carbon could diffuse from
a high-carbon A5-like region to a low-carbon Al-like region. However, tungsten could
not diffuse freely due to its large atomic radius. Therefore, in the A3 blend alloy, most



8 R. AHMED ET AL.

" 1 1 1 " 1 I 1 1 1 L
[ ] m a-Co
® CoW
4 Co,W,C
» ® ’gosvc\:’sc
» ° ] [ ] * Cr.
maddL X An o
. . > Co,Wg
5
0,
= o o
= o F | |
[
- | ]
.
>
f
A5, *
JLJL,:JB s NTR SR SR 3D v UGG 3 SO
i T » T ¥ T v T T o T
30 40 50 60 70 80 90 100

26 (%)

Figure 3. The XRD spectra of HIPed Stellite alloys A1 (HS6), A3, and A5 (HS20).

W-rich carbides/phases appeared in the original region of the A5 powders. No appreci-
able porosity was observed in the HIPed blend alloy, indicating full densification during
the HIPing process. The boundary between the two regions could only be recognised via
their different microstructure. Most possible phases identified via the XRD analysis in A1
and A5 can also be identified in A3, though the compositions of the phases might be
slightly different.

In the order of Al, A3, and A5, the tungsten and carbon content increased signifi-
cantly, and the chromium content increased slightly. The total area fraction of carbides,
therefore, increased from 17.9% (A1) to 33.3% (A3) and 48.9% (A5) (Table 3). The
fraction of the Cr-rich carbides in A3 was very close to the average of those in Al and A5
(Table 3), indicating the carbide fraction was proportional to the carbon and tungsten
content. The content of W-rich carbides in A3 was around half of that in A5, as there was
no W-rich carbide in Al (Table 3). The average sizes of the Cr-rich carbides and the
W-rich carbides in the three alloys were similar (2-3 pm), indicating that carbide
morphology in the HIPed alloys did not vary with chemical compositions.

3.1.2. Blend B
The HIPed microstructure of alloys from blend B (B1, B2, B3, B4 and B5) are
shown in Figure 4. The area fraction of the phases observed in blend B is tabulated
in Table 3. The microstructures were similar, with fine Cr-rich carbides (dark phase)
and W-rich carbides (light phase) uniformly distributed in the Co-rich matrix. The
XRD spectrums are shown in Figure 5, which reveals that the possible phases in
these alloys were a-cobalt (FCC), carbides (Cr,3C4, Cr,C;, Co3W;C, and CogWC),
and intermetallic compounds (CosW and Co,Wg).

Similar to the microstructure of A3, the Bl-like and B5-like regions, which
represented the original regions of the two kinds of powders used in this blend
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Figure 4. The microstructure of HIPed Stellite alloy (a) B1 (HS1); (b) B2; (c) B3; (d) B4; (e) B5 (HS12).

(i.e. Bl powder and B5 powder), could be recognised in B2, B3 and B4 due to the
different fractions of W-rich carbides between the two powders (Figure 4). The
main microstructural difference in these blend alloys is the area fraction of W-rich
carbides, which was 13.3% in B1 and only 5.2% in B5 (Table 3). This was attributed
to the decrease of tungsten content and carbon content from B1 to B5. However, the
difference in chemical composition between B1 and B5 was not as significant as that
between Al and A5. Therefore, the only minor difference was between the Cr-rich
carbide factions of the alloys in blend B.

The XRD analysis presented in Figure 5 indicated that the possible types of
carbides in these alloys were similar. Cr,C; and CogWC were identified in all the
alloys except B4, where Cr,C; was replaced by Cr,3Cs. The published literature also
observed similar carbide composition changes from Cr,Cs to Cr,;Cs due to the lower
temperatures and different cooling rates during the liquid phase sintering or HIPing
process [28,33]. The EDS analysis indicated that the approximate composition of the
Cr-rich carbide in the Bl alloy was (Crg76C0920Wo.04)7Cs, and the Cr-rich M,C;
carbides in the other alloys had similar compositions. In B4, the Cr-rich M,;Cs
carbide had an approximate composition of (Crp74C0024Wo.02)23Cs. Besides
CogWC, which was identified as the main W-rich carbide in all the alloys in blend
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Figure 5. The XRD spectra of HIPed Stellite alloys B1 (HS1), B2, B3, B4, and B5 (HS12).

B, whereas CosW3;C was also identified in B1 and B2. However, the compositions of
the W-rich carbides differed from Bl to B5, as the C and W content in the carbides
decreased from 11.2% and 42.3% to 9.6% and 32.8%, respectively.

3.1.3. Blend C

The HIPed microstructure of alloys from blend C (C1, C2, C3, C4 and C5) are shown in
Figure 6. The area fraction of the phases observed in blend C is tabulated in Table 3. The
carbide fraction increased with the increase in carbon content from CI to C5. The XRD
spectrums are shown in Figure 7, which indicate that the possible phases in blend C were
a-cobalt (FCC), CosW, Co,Wg, Cr,3Cq, Cr,Cs, and CogW,C.

Similar possible phases, i.e. a-cobalt (FCC), CosW, Co;Ws, Cry3Cs, Cr,Cs, and
CogW¢C, were identified in C1 and the other alloys of blend C. The microstructure
of C1 was different from the other alloys. There were three type of secondary
phases in CI, including Cr-rich carbide (grey phase in Figure 6a), W-rich carbide
(light phase), and metallic compound phase (light grey phase). There were only two
type of secondary phases, Cr-rich carbide (dark phase) and W-rich carbide (light
phase), in the other alloys in this blend. The distinctive microstructure of C1 was
derived from its unbalanced tungsten and carbon contents. C1 contained 14.4%
tungsten but only 0.67% carbon, which was the lowest among the commercially
available CoCrW alloys. Besides forming the W-rich carbides, tungsten remained in
the solid solution and formed intermetallic compounds such as CosW and Co,Ws.
The tungsten remaining in the solid solution was beneficial to the hardness of CI.
However, it also increased the brittleness. As discussed later, this variance in the
microstructure of Cl resulted in a relatively large scatter in impact energy from
predictive models.
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Figure 6. The microstructure of HIPed Stellite alloy (a) C1 (HS4); (b) C2; (c) C3; (d) C4; (e) C5 (HS190).

As the carbon content increased from C1 to C5, more carbides formed. The Cr-rich
carbides increased from 14.6% in Cl to 36.7% in C5, whilst the fraction of W-rich
carbides increased greatly from C1 (2.5%) to C2 (15.5%) and remained constant from
C2 to C5 (15.8%). The EDS analysis indicated that the tungsten content in these W-rich
carbides was constant, while the carbon content increased from C2 to C5.

Although, during the HIPing process, tungsten could not diffuse freely due to
its large atomic radius, the distribution of tungsten was still uniform in the blend
C alloys because of their similar tungsten content. However, the carbon could
diffuse throughout the blend alloy from the high-carbon region (Stellite 190
powder) to the low-carbon region (Stellite 4 powder). The influx of carbon to
the low-carbon region could form new carbides with the superfluous tungsten
remaining in the matrix. Therefore, the thorough diffusion of carbon during the
HIPing process resulted in a uniform microstructure of the C2, C3, and C4, where
no Cl-like or C5-like regions existed, which was unlike blends A and B.
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Figure 7. The XRD spectra of HIPed Stellite alloys C1 (HS4), C2, C3, C4, and C5 (HS190).

3.2. Mechanical test results

3.2.1. Blend A
Figure 8 shows selected mechanical test results of blend A and additional results can be found
in Table B1 in Appendix B. The macro-hardness, micro-hardness and yield strength are found
to increase, while the elongation and impact energy decrease in the order of A1, A3 and A5.
The carbides (M;Cs, M,3Cs, CosW3C, and CosWeC) and intermetallic phases
(CosW and Co,Wy) identified from the three alloys in blend A were all beneficial to
the hardness. The macro-hardness of A3 (HV 558.0 +4.3) was around the average of
those of A1 (HV 414.2+7.9) and A5 (HV 675.0 = 17.2), which was consistent with the
carbide fractions of the three alloys. At the micro-level, there was a significant difference
in the hardness of different regions in A3 alloy due to its mixed microstructure, which
resulted in a high standard deviation of ten measurements (HV555.9 £93.9).
Nevertheless, the average micro-hardness value of A3 was similar to its macro-hardness
value. Al and A3 had similar Young’s moduli, while A5 was slightly stiffer than them
(Table B1 in Appendix B). The yield strength increased in the order of Al, A3, and A5.
Despite the lowest yield strength, Al had the highest UTS. The percent elongation is
a quantitative expression of a material’s ductility, measuring the degree of plastic
deformation sustained at fracture. The elongation of Al during the tensile tests was
10.98%, which was much higher than the elongation of A5 (0.18%). The A3 blend
inherited the brittle character of A5 much more than the ductile character of Al and
had a quite low elongation. The impact energy absorption of HIPed Stellite 6 (A1, 109.14
J) was approximately an order of magnitude higher than that of HIPed Stellite 20 (A5,
9.26 J) due to its much higher ductility. The impact energy of A3 (14.69 J) was much
lower than the average of Al and A5, which was consistent with the elongation results for
this alloy as observed during the tensile tests. Figure 9 summarises the SEM observations
of the fractured surfaces after tensile and Charpy impact tests for the blend alloys.
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Figure 8. (a) hardness and yield strength of blends A, B and C, (b) Elongation and unnotched charpy
impact energy of blends A, B and C.

3.2.2. Blend B
Figure 8 shows selected mechanical test results of blend B and additional results can be
found in Table B1 in Appendix B. The hardness and yield strength decreased, whilst the
elongation and impact energy increased in the order of B1, B2, B3, B4 and B5.

The relatively higher deviation of the micro-hardness values was due to the coex-
istence of harder carbide and softer matrix in Stellite alloys, particularly the mixed
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Tensile

B2

Figure 9. Fracture surfaces obtained using SEM in BSE mode for selected tensile ((a), (c) and (e)) and
Charpy impact tests ((b), (d) and (f)) for A3, B2 and C5.

microstructures in B2, B3, and B4. As discussed before, the carbon and tungsten content
in Stellite alloys determines their hardness. The results of blend B confirmed the analysis,
indicating that the hardness of the alloys in blend B was proportional to their carbon and
tungsten content. Aside from the tensile test results of B2, Young’s modulus and yield
strength decreased, whilst the elongation increased from B1 to B5. Alloys B3, B4, and B5
had similar UTS, which was higher than B1l. B2 had similar yield strength to B3 and
similar Young’s modulus and elongation to B1. The tensile test results of B2 could have
been more accurate if more than one sample had been tested. The elongation of B3 and
B4 was much closer to the result of Bl than that of B5, indicating that the brittle
characteristic dominated the blended alloys. A similar trend was noticed between the
elongation and the impact energy of blend B. B5 had a much higher impact energy than
B1. The impact energy of B3 was lower than the average of Bl and B5, indicating that the
property of blended alloy was dominated by the brittle characteristic inherited from B1.
Although only one sample of B4 was tested, the result (16.95 J) indicated that B4 had
similar impact energy to B3, which was much lower than B5.
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3.2.3. Blend C

Figure 8 shows selected mechanical test results of blend C and additional results can be
found in Table B1 in Appendix B. C5 was the hardest material in this blend group, with
the highest yield strength and lowest elongation.

The tungsten remaining in the solid solution was regarded as the main factor for
Stellite alloys to keep their hardness at elevated temperatures [34]. As the alloys in blend
C had the same tungsten content, their hardness was mainly affected by their carbon
contents. Although C1 had the lowest hardness in blend C, it had the highest UTS and
Young’s modulus, and both the yield strength and elongation of C1 were between C3 and
C5. The tensile property of C1 was attributed to its unique microstructure, which was
a combined result of its high content of tungsten remaining in the solid solution and its
relatively low fraction of carbides. Despite the fine microstructure, the high fraction of
secondary phases made the alloys in blend C very brittle with relatively low impact
energy. The impact energy of C3 was approximately the average of C1 and C5. It differed
from the trend found in blends A and B, where the impact energy values of A3 and B3
were much lower than the average of the base alloys in both blends. This was because,
unlike A3 and B3 having mixed microstructure, C3 had a uniform microstructure with-
out a Cl-like or C5-like region, as discussed earlier in Section 3.1.3. Both C1 and C5 had
an equal influence on C3, and neither could solely dominate the property of C3.

3.3. Mapping of hardness

3.3.1. Correlation between hardness and chemical composition

The hardness of Stellite alloys is determined by the content of carbon and tungsten
(Section 3.1 and Section 3.2). Generally, the hardness increases with carbon content and
tungsten content. This section will discuss a quantitative analysis of the correlation
between the macro-hardness and the content of carbon and tungsten.

The relation between macro-hardness and the content of carbon and tungsten is shown
in Figure 10a. Within each blend group, macro-hardness increases approximately linearly
with the carbon content (Figure 10a). However, the rule is inapplicable to the alloys in
different blend groups, as the line slopes for the three blends are different. A similar linear
correlation between the macro-hardness and the tungsten content was also found indivi-
dually in blends A and B (Figure 10b). However, neither carbon content nor tungsten
content can solely model the hardness of a Stellite alloy with given composition. There are
two ways to get a general solution of hardness for all the Stellite alloys under investigation.
First, find out a single variable, which comprises the effect of both carbon content and
tungsten content, and correlate this variable with hardness. Second, blend C is a special
group with the blended alloys having the same tungsten content, indicating the change in
hardness was only determined by the difference in carbon content. Therefore the correla-
tion between hardness and carbon content for alloys with specified tungsten content can
be derived from the results of blend C. Assuming this trend is independent of tungsten
content, it can be generalised to the alloys with different tungsten content.

3.3.2. Linear approximation - hardness
The simplest way to evaluate the influence of carbon and tungsten content is to add them
together. However, in all the Stellite alloys, the tungsten content (maximum 16.3 wt.%,
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Figure 10. Variation of averaged macro-hardness with (a) Carbon content, (b) Tungsten content, (c)
Sum of relative Carbon and Tungsten content.

A5) is much higher than the carbon content (maximum 3.21 wt.%, C5). If both values are
added simply, their sum will be dominated by the tungsten content, which deviates from
the experimental observation of hardness values. Therefore, the absolute values of Cw
and Cc were replaced by the relative values so that the influence of both contents can be
comparable. The sum of relative tungsten content and relative carbon content, Rcw, is
given by:

Rew = (Cw/16.30 + Cc/3.21) x 100 (1)

Figure 10c shows the linear relationship between Rew and H, where the linear approx-
imation function can be derived:

H = 2.3381 x Rew + 260.55 2)

Equation 2 fits the experimental data well. The maximum deviation occurs at the data
point B5, around 4.5%. Based on Equation 2, a contour map of hardness was developed,
as shown in Figure 1la. The positions of the Stellite alloys under investigation were



ADVANCES IN MATERIALS AND PROCESSING TECHNOLOGIES . 17

marked, along with the experimental result. For example, the positions of Al and C5 are
close to the contour lines of 400 and 700, respectively, which are similar to the experi-
mental results (Al 414.2, C5 713.0), indicating that the contour map worked well. The
drawback of this simple model is that it cannot distinguish the individual effects of
carbon and tungsten. According to this model, any two alloys with the same Rew will
have the same hardness. For example, one alloy containing 1.2% C and 10.2% W has the
same hardness as the other one containing 2.4% C and 4.1% W due to their same Rcw
values (100%). In practice, however, it can be more complex.

The blended alloys produced via blending two different powders during HIPing have
different microstructures and properties from the base alloys. It is useful to create
a model based on the data points of base alloys better than the model based on all the
alloys due to its avoidance of the much more distinctive properties of the blend alloys.
There are six CoCrW base alloys in this investigation, i.e. Al (Stellite 6), B1 (Stellite 1),
C1 (Stellite 4), A5 (Stellite 20), B5 (Stellite 12), and C5 (Stellite 190). The analysis of the
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base alloys may also offer a convenient way to predict the hardness values, which are
required in further analysis of impact energy. Similar to Equation 2, a new linear
approximation function was created for the base alloys only:

H =2.4226 X Rew + 256.33 (3)

This function fits the experimental results and Equation 2, with a maximum deviation of
5% for B5. The contour map based on Equation 3 is presented in Figure 11b, showing
that the experimental results of the base alloys are fitted well using this model.

3.3.3. Polynomial approximation (blend C) - hardness

The five alloys in blend C have the same tungsten content (14.40%), which can be used to
find the relationship between the carbon content and hardness. As there are five data
points in blend C, a polynomial of degree 4 is needed to fit all the points using polynomial
interpolation. However, this polynomial of degree 4 has three turning points, which is
unlikely to reflect the real relationship. Therefore, a quadratic approximation is used
instead. The quadratic function is:

H = 21.434 x Cc* —16.299 x Cc + 542.02 (4)

Equation 4 gives the relationship between carbon content and hardness for blend C (Cw
=14.40). The Cw factor should be considered to generalise this equation to the other
Stellite alloys. Assuming the alloys with different Cw have the same relationship with Cc
as the alloys in blend C, a general solution can be given by:

H = f.(Cc) + f,,(Cw) + Const (5)

Here f, and f,, are the functions with variables of Cc and Cw, respectively, and Const
represents a constant. f, can be derived from Equation 4 as:

f(Cc) = 21.434 x Cc* — 16.299 x Cc (6)
Then the specific equation for blend C (Equation 4) can be rewritten in a general form:
H = f.(Cc) + f,,(14.40) + Const (7)

Here f,, represents the relationship between the variable Cw and the difference between
H and fc. A quadratic approximation function can be given by:

fw(Cw) = —0.091 x Cw? + 16.712 x Cw + 329.00 (8)

Hence from Equation 5, Equation 6 and Equation 8, the expression for H can now be
derived:

H =21.434 x Cc® — 16.229 x Cc — 0.091 x Cw? + 16.712 x Cw + 329.002  (9)

Equation 9 gives the individual effect of Cc and Cw on hardness, which applies to all the
blended Stellite alloys under the current investigation. The maximum deviation occurs at
A3, around 5.2%.

Figure 11c shows the experimental data points, with three dashed curves
indicating the predicted hardness for alloys with fixed Cw values, i.e. 5, 10, and
15. The numbers in parenthesis are the Cw values of the individual alloys. The
three dashed curves show a similar trend, consistent with the assumption that the
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tungsten content does not affect the relationship between carbon content and
hardness. This model based on Equation 9 fits most experimental points well
except Al, indicating that revision of the model was needed for alloys with
lower Cw.

For the contour map of hardness based on this model, the contour lines were not
parallel, similar to the trend observed in Figures 11a,b. It was observed that the gaps
between the contour lines were wider in the area with low Cc and high Cw but narrower
in the area with high Cc and low Cw. It means that in order to increase hardness by
adding tungsten or carbon, the required addition of tungsten or carbon for a certain
increase in hardness is more in the area with high Cw and low Cc than in the other
regions.

3.3.4. Exponential approximation (base alloys) - hardness

The previous polynomial approximation method is no longer applicable for the analysis
based on base alloys only. The relationship between Cc and H can hardly be predicted
accurately by only two alloys with fixed Cw, i.e. C1 and C5. Therefore, exponential fitting
is used to correlate H with Cw and Cc, with a general equation as:

H=AxCn" xCc (10)

Here A is a constant, and g, b are exponents for Cw and Cc, respectively. Equation 10 can
be rewritten as a linear set of equations, A-x = b, using the logarithms of both sides:

Log(Cw) - a+ Log(Cc) - b+ Log(A) = Log(H) (11)

There are only three unknowns, a, b, and Log(A). However, six equations can be created
with the experimental results of six base alloys. In this over-determined case, a single
unique solution does not exist. Therefore the solution that minimises the squared error in
A-x-b is commonly used in practice. The least-squares solution is:

H = 239.91 x Cw"3?%° x 1601 (12)

Figure 11e shows the contour map based on Equation 12. The results of B5 and C5 did
not fit well, indicating exponential relationship is not a good description of the correla-
tion between hardness and chemical compositions.

In summary, based on alloys investigated in this project, the best fitting model for
hardness is the linear approximation function (Equation 3), as indicated by the contour
map shown in Figure 10b. Therefore, in the later Section 3.7 on impact analysis,
Equation 3 will be used to generate the predicted hardness values. The other methods,
i.e. polynomial approximation and exponential approximation, showed relatively larger
deviations in some regions on the contour map, though they might fit the results better in
other regions.

3.4. Mapping of carbide fraction

3.4.1. Correlation between carbide fraction and chemical composition
Figure 12a shows the relationship between carbide fraction and carbon content of all the
CoCrW alloys under investigation. The total carbide fraction, the sum of the Cr-rich
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carbide fraction and W-rich carbide fraction, rises with increasing carbon content. The
approximation function solely based on carbon content is:

C =14.128 x Cc +9.330 (13)

However, the deviations based on Equation 13 were unacceptable for C, (>30%), as
indicated in Figure 12c. Therefore, a more sophisticated model was needed to reduce the
deviations. The Cr-rich carbide fraction is determined by both Ccr and Cc, whilst both
Cw and Cc determine the W-rich carbide fraction. Considering the chromium content
(Ccr) of most Stellite alloys is similar, Cw and Cc are again the key factors to the carbide
fraction, as analysed below.

3.4.2. Linear approximation - carbide fraction
Similar to the analysis in Section 3.3.2, a combined relative value, Rew*, is founded as an
indicator for the carbide faction. Rew* is defined by:

Rew* = (Cw/16.3 4+ 2 x Cc/3.21) x 100 (14)

As Cw mainly affects W-rich carbides, but Cc affects all kinds of carbides, the
combined relative value consists of one portion of Cw and two portions of Cc is
used in Equation 14 in comparison to Equation 1. Figure 12b shows the carbide
fraction’s relationship between Rcw* and C. A linear function is derived via least-
squared approximation as:

C =0.1885 x Rew™ + 0.0357 (15)

The trendline using Equation 15 in Figure 12b has a good fit with blend A and blend
B. However, the fit with blend C (in particular C1 and C2) is not consistent. For example,
it is found that this model does not fit C1 well. The deviation between the predicted
carbide fraction and the real one of C1 is 43%.
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3.4.3. Polynomial approximation (base alloys) — carbide fraction

It is difficult to find a satisfying model to fit the results of all the Stellite alloys under
investigation, as the deviation was as high as 43% for Cl1 in the previous analysis. This
could mainly be attributed to the relatively irregular carbide fractions of the blended
alloys. The carbide fractions of the blended alloys did not simply equal the averages of
the base alloys due to the diffusion of carbon during the HIPing process and/or
changing of carbide type. The maverick in the base alloys is C1 (Stellite 4), consisting
of 14.4% tungsten content but a very low carbon content of only 0.67%. As discussed
earlier in Section 3.1.3, most of tungsten in this alloy works as an intermetallic
compound former instead of a carbide former (Table 3), which is attributed to its
low carbon content. If the disturbances from the blended alloys and C1 (Stellite 4) are
excluded from the analysis, some basic relationships between the base alloys will be
can be formed.

Figure 13a shows that the Cr-rich carbide fraction increases with carbon content
initially from 0 to 1.5%, then keeps constant with carbon content from 1.5% to 2.5%, and
increases again with carbon content over 2.5%. Figure 13b shows that the W-rich carbide
fraction increases monotonically with W content for all the base alloys except Cl1.
Equation 16 and Equation 17 give the polynomial approximation functions for the two
relationships, and the sum of both kinds of carbide is the total carbide fraction, C, as
indicated by Equation 18.

C(Cr — C) =9.029 x Cc® — 56.961 x Cc* 4 118.426 x Cc — 55.079 (16)
C(W — C) = 0.020 x Cw® — 0.507 x Cw* + 5.557 x Cw — 16.819 (17)

C=C(Cr—C)+C(W-C)
=9.029 x Cc® —56.961 x Cc* + 118.426 x Cc (18)
+0.020 x Cw* — 0.507 x Cw? 4 5.557 x Cw — 71.898

Figure 13c presents the contour map of the carbide fraction based on Equation 18. The
carbide fractions of the base alloys are also presented. This model fits most base alloys
quite well, including C1. However, the best fitting in terms of mathematics is not always
the same as the best fitting in terms of engineering. In this model, the carbide fraction
maintains constant while increasing the carbon content from around 1.7 to 2.5 wt.%,
which contradicts the fact that the carbide fraction increases with carbon content.
Furthermore, for the alloys with very high or very low Cc and Cw, i.e. the top right and
bottom left corner in the contour map (Figure 13c¢), the carbide fraction change becomes
more significant. Some of the predicted values (e.g. —10) for the carbide fraction are
unacceptable.

3.4.4. Exponential approximation (base alloys) - carbide fraction

Similar to the analysis in Section 3.3.4, exponential approximation was also applied on
carbide fraction for all base alloys except Cl. The least-squares solution for carbide
fraction is:

C = 7.1738 x Cw"> x 3053 (19)
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Figure 13. (a) Variation of Cr-rich carbide with carbon content for base alloys, (b) the variations of
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polynomial approximation for base alloys only using Equation 18 (d) Contour map of carbide fraction
based on the exponential approximation for base alloys only using Equation 19.

The contour map based on Equation 19 is presented in Figure 13d. Although this
model does not fit C1 well (deviation of 84%), it shows a smooth carbide fraction
change with tungsten and carbon content all over the contour map. Excluding C1,
the maximum deviation is 5%. Therefore, this model will be used to generate the
predicted carbide fraction values in the analysis of impact energy, as discussed
later in Section 3.7.

3.5. Mapping of yield strength

Similar to hardness, the yield strength of an engineering material is also a measure of its
resistance to plastic deformation. The yield strength of cast iron, steel, and brass is found
to be proportional to their Brinell hardness [35]. Figure 14a shows the linear relationship
between the hardness and yield strength of Stellite alloys. The linear approximation for
the base alloys can be derived as:

Ys =1.2017 x H + 144.43 (20)
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Figure 14. (a) Variation of yield strength with hardness, (b) Contour map of yield strength based on
the linear approximation for base alloys only using Equation 20, (c) Contour map of elongation based
on the exponential approximation for base alloys only using Equation 22.

The maximum deviation of Equation 20 occurs at C1, around 12% for base alloys. It
also fits well with the blended alloys, with the maximum deviation at C3, approxi-
mately 20%.

According to Equation 20, the yield strength can be predicted with the hardness
values. Figure 14b shows the contour map of yield strength based on Equation 3 and
Equation 20. This simple linear approximation can reasonably predict the yield strength
values for blended alloys. Atakok et al. [36] used ANOV A (analysis of variance) to predict
an expression for tensile strength using material, layer thickness and occupancy rate as
input to the predicted expression for 3D printed polylactic acid filament. However, the
advantage of the modelling presented here is that the yield strength is predicted using
hardness which in turn can be predicted using the carbon and tungsten content.

3.6. Mapping of elongation

As an indicator of the material’s ductility, elongation depends on the resistance to the
crack initiation and propagation before fracture (Figure 9). The investigation of the
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fractographs of Stellite alloys indicated that the carbide/matrix boundaries were the main
routes for the cracks to propagate. Therefore, the carbide fraction is considered in the
analysis of elongation, together with the chemical composition factors, Cw and Cc.
Similar to the analysis in Section 3.3.4, exponential approximation was conducted on
the elongation results of the base alloys only. C1 was excluded from this analysis because
the boundaries of the intermetallic compound in the microstructure of C1 provided
cracks propagation routes as well as the carbide particle boundaries. Therefore its carbide
fraction is not a proper representation of the effect of particle boundaries. The approx-
imation function is:

El = 0.4178 x Cw 901 5 Ccm24% 5 3709 (21)

As carbide fraction is also related to Cw and Cc either in a polynomial or exponential
relationship, the influence of C can be replaced by Cw and Cc. Therefore, a simpler
function based on Cw and Cc only can be derived:

El = 620.0354 x Cw 2476 x Cc~1-3180 (22)

The predicted value of C1 is almost double the value of the experimental result, which is
indicated in the contour map of elongation, as shown in Figure 13c. Excluding C1, the
maximum deviation is 24% which occurs in B5.

Figure 14b presents the variations of elongation with tungsten content, showing
that El decreases strikingly while Cw increases from 4% to 9% and then keeps
a very low but stable level for the alloys with more than 9% Cw. A similar trend is
also found between El and Cc of Stellite alloys except for Cl1, as shown in
Figure l4c.

3.7. Mapping of impact energy

3.7.1. Properties related to impact energy

The investigation of the fracture mechanism of Stellite alloys suggested that material
ductility and the carbide/matrix boundaries were the main relevant properties of the
impact energy. Although impact energy decreases with increased carbon content
monotonously within the blend group, no clear relationship can be found applying
to all the alloys. Figure 15a shows the variations of impact energy with tungsten
content, indicating that Cw has a restraining effect on the impact energy, probably
due to the brittle character of W-rich carbides or intermetallic compounds. The
impact energy results of the blended alloys are relatively low, even for the blend
with 75% ductile alloy and 25% brittle alloy, indicating that the brittle character
dominated the impact properties of the blended alloys. Impact energy represents the
dynamic toughness of the material, which is consistent with static toughness. Static
toughness can be ascertained as the area under the strain-stress curve obtained from
the tensile test results up to the fracture point. Most Stellite alloys have very high UTS
and yield strength and lower ductility. Al has relatively higher elongation than the
other CoCrW base alloys, resulting in a much higher static toughness and impact
energy. The correlation between elongation and impact energy is shown in
Figure 15b.
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Figure 15. (a) Variation of impact energy with tungsten content, (b) Variation of impact energy with
elongation, (c) Contour map of impact energy based on polynomial approximation on elongation for
base alloys only using Equation 23, (d) Contour map of impact energy based on dimensional analysis
using Equation 27.

3.7.2. Polynomial approximation - impact energy

The relationship between impact energy and elongation provides a simple method to
predict the impact energy value, i.e. polynomial approximation. The approximation
function can be derived based on Figure 15b:

I = —1.1553E + 22.0690E! + 6.1029 (23)

Equation 23 fits the experimental results of base alloys very well, with the maximum
deviation at B1, around 19%.

Figure 15c shows the contour map of impact energy based on Equation 23. The El
values were predicted using Equation 21. However, the predicted value of C1 (deviation
of 67%) does not fit the experimental result very well. The predicted values for the alloys
with low carbon and tungsten content (bottom left corner in Figure 15c¢) are also
unacceptable. Hence a different approach was investigated based on dimensional
analysis.

3.7.3. Dimensional analysis — impact energy
The first step of dimensional analysis is to decide the variables on which the impact
energy depends. Here the chosen variables are: carbide fraction (C), hardness (H), yield
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strength (Ys), and elongation (EI). As the impact properties of blend alloys were sig-
nificantly affected by their mixed microstructures, the analysis will only be conducted on
the base alloys.

The solution of I, the impact energy, is as follows:

I=A"-Ct -H° Ys? EI (24)

where A is a dimensional constant related to the dimensions of the un-notched sample,
with a unit of mm? and a, b, ¢, d, e are coefficients to be decided. The corresponding
dimensional equation is:

LPMT% = (12" - (L7'MT %) - (L7'MT2)* (25)

length - 2=2a—c—d
mass — 1=c+d
time — —2 = —2¢ —2d

so that a=1.5 and ¢+ d = 1. Hence:
H
1=A".cCb. (?)C - Ys- EI° (26)
s

There are four remaining unknowns in this equation, A, b, ¢, and e, which can be solved based
on the experimental results of base alloys except for C1. The approximation equation is:

I — 0.0159 . C043475 . H1.1742 . Y570.1742 . Elo.8258 (27)

Figure 15d shows the contour map based on Equation 27. The predicted values for C, H,
Ys, and El are based on Equation 19, Equation 3, Equation 20 and Equation 22, respec-
tively. Similar to the model using polynomial approximation on elongation (Figure 15¢),
this model does not fit C1 very well and has a deviation of about 80%. Furthermore, the
predicted values of other base alloys had much larger variations ranging from 10% to
42%, which are much higher than the deviations from polynomial approximation. This
signifies that the polynomial approximation is superior to dimensional analysis in
predicting the impact energy, except for C1.

4. Conclusion

In this study, various Stellite powders were blended and then consolidated using HIPing
to obtain CoCrW alloys with varying C, Cr and W content. These alloys were experi-
mentally analysed, and mathematical models were developed to correlate properties,
such as hardness, carbide content, tensile strength, elongation and impact strength with
alloying content. Linear, polynomial and exponential approximations were applied to
map the properties against carbon and tungsten content in base and blended alloys.
Following specific conclusions can be made based on Stellite alloy combinations con-
sidered in this investigation.

(1) The microstructure of blended alloys A and B was hybrid indicating powder
particle boundaries of base alloys. Full densification was reached, and there was
evidence of carbon diffusion across the powder particle boundaries.
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(2) Unlike blends A and B, as blend C had similar tungsten content, carbon
could diffuse throughout the blend alloy from the high-carbon region
(Stellite 190 powder) to the low-carbon region (Stellite 4 powder). The
influx of carbon to the low-carbon region could form new carbides with
the superfluous tungsten remaining in the matrix. Therefore, the thorough
diffusion of carbon during the HIPing process resulted in a uniform micro-
structure of the C2, C3, and C4, where no Cl-like or C5-like regions
existed.

(3) Linear approximation provides the best fit for mapping the hardness of alloys with
a maximum variance of 5% (Equation 2 (Figure 11a) and Equation 3 (Figure 11a)).
Polynomial and exponential approximations provide a better fit in some areas but
with large deviations in different regions of the hardness map.

(4) Except for C1 (Stellite 4), exponential approximation provided the best contour
map of carbide fraction against the alloying content of carbon and tungsten
(Equation 19, Figure 13d). The maximum variance using the exponential approx-
imation for the carbide fraction map was 5%.

(5) Yield strength was linked to hardness using the linear approximation. This
resulted in a higher maximum variance of 12% for base alloy C1 and 20% for
blended alloy C3.

(6) Elongation was linked to carbide fraction and impact energy using exponential
approximation. Excluding C1 using Equation 22 (Figure 14c), the maximum
deviation was found to be 24%.

(7) Impact energy was linked with the elongation by a polynomial approximation.
Excluding C1, the maximum deviation that occurred at B1 was 19%. To fit CI,
a dimensional map of the impact energy was constructed by interlinking carbide
fraction, hardness, yield strength, and elongation. Given the complexity of com-
peting energy dissipation mechanisms, this map had inferior fitting than the
polynomial approximation
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Nomenclature

BSE Back Scattered Electron

CCM Compositionally Complex Material
EDS Energy Dispersive X-ray Spectroscopy
FCC Face Centered Cubic

HCP Hexagonal Close Packed

HEA High Entropy Alloy

HIP Hot Isostatic Press

HS Hot Isostatic Pressed Stellite

ICP-OES  Inductively Coupled Plasma-Optical Emission Spectroscopy
MA Mechanical Alloying

ML Machine Learning

ODS Oxide Dispersion Strengthened

SE Secondary Electron

SEM Scanning Electron Microscopy

TCP Topologically Close-Packed

UTS Ultimate Tensile Strength

XRD X-ray Diffraction

Symbols

C Total area fraction of carbides

Cw Tungsten content (wt.%)

Cc Carbon content (wt.%)

Cer Chromium content (wt.%)

El Elongation (%)

fe Function with variables of Cc

fw Function with variables of Cw

H Vickers macro-hardness

I Un-notched Charpy Impact Energy

L Length

M Mass

Rew Sum of relative tungsten and carbon content (wt.%)
Rew* Combined relative value of tungsten and carbon content (wt.%)
T Time

Ys 0.1% offset yield strength
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