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Mechanical Evaluation of WC-Co Materials with Varying Microstructures
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ABSTRACT

Tungsten carbide-cobalt materials are useful in a variety of extreme applications due to a
desirable blend of properties, yet the technology has not significantly changed since their initial
development in the 1920s. The mechanical properties of this class of materials is highly
dependent on two variables, the size of the tungsten carbide grains, and the amount of binder
phase present in the final body. In this study, the amount of binder phase is isolated across
three commercial materials from the same manufacturer with three different grain sizes to
investigate the effect on mechanical properties. The mechanical properties investigated are
indentation hardness, flexure and tensile strength, as well as fracture toughness. In general, an
increase in hardness and tensile strength with decreasing grain size was observed, while the
fracture toughness showed the opposite trend with toughness increasing with increasing grain
size. The flexure strength results did not show a correlation to grain size. Fractographic analysis
identified the dominant strength-limiting flaw for each sample, which largely were in the form
of porosity. Other flaws types, such as inclusions from the milling process, clusters of large
grains, and machining cracks from the surface finishing process, were also identified. Weibull
analysis was performed and deemed appropriate for analysis of these materials, but strength-
size scaling was not conducted due to the variability in the strength-limiting feature between

the different specimen geometries.
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1.0 BACKGROUND

Cemented carbide materials are implemented in a wide array of applications where their
unique blend of properties results in improved performance. Typically, the application space for
these materials is under extreme temperature and pressure environments, such as the
conditions seen during machining, grinding, and bearing. The majority of their applications
reside in the machining industry, as tools for geologic mining and drilling, turning of specialty

metals [1-3], wear parts and coatings [2], and bulk components. These materials possess a rare
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combination of excellent hardness and toughness, which are typically inversely related [4-7].
The most common cemented carbide is composed of hard tungsten carbide (WC) grains
cemented in a ductile cobalt binder matrix phase, sometimes simply referred to as “carbide”.
Tungsten carbide itself has an elastic modulus over twice that of steel [8-10] and a Vickers
hardness (HV) of 1800-2000 kgf/mm? [8], comparable to other ultra-hard ceramics, such as
alumina and silicon carbide. Cobalt (Co) has historically been used in the aerospace industry in
super alloys due to its exceptional temperature, corrosion, and wear resistance [8, 11-15]. The
marrying of these two wildly different phases into one body is what imparts the exceptional

performance of these parts in various applications.

The technology of cemented carbides has seen gradual improvement over the last century of
use [2, 16, 17]. The quality of raw materials has increased, and innovative processing
techniques have reduced the size of strength-limiting flaws [18, 19], bringing substantial
improvements in mechanical performance. The properties and performance of carbide parts
are typically dictated by the carbide grain size/distribution, the binder phase
composition/content, and any additive phases. Both the carbide grain size and binder content
have an influence on the hardness-toughness trade-off, as increasing binder content typically
increases the toughness through the increased presence of the ductile cobalt phase, while
decreasing the grain size increases the hardness [20-27], per a typical Hall-Petch relationship
[28, 29], yet reduces the toughness by decreasing the tortuosity of the crack plane.
Understanding how to properly balance both of these elements in selecting a component with a
desired performance is critical towards reaping the full benefit of their unique blend of
properties. Many investigations have examined alternate binder materials to achieve better
property control, but no overarching outcomes have been identified [1, 4, 30-36]. On the other
hand, compounds can be purposefully added into the WC-Co powder mixture, which affect the
resultant properties. Improvements have been realized with the inclusion of additives into the
binder phase to inhibit grain growth and dislocation motion [1, 15, 36-40]. These modifications
influence the final microstructure of the material, which is useful in tailoring the hardness and
toughness properties. Typically, carbides such as titanium carbide (TiC), tantalum carbide (TaC),
and vanadium carbide (VC), amongst numerous others, are included to act as grain refining
phases to prevent exaggerated growth of the WC grains during sintering [15, 16, 37, 41-44].
Chromium and nickel, or compounds containing these elements, such as chromium carbide
(Cr3Cz) or nichrome (NiCr), can be added to improve the oxidation resistance of the final part [2,
16, 41, 45].



The purpose of the current investigation was to evaluate the material properties of a suite of
commercially-available tungsten carbide-cobalt materials that possess similar cobalt binder
content but variations in microstructure, resulting in corresponding differences in properties.
Apart from the manufacturer documentation and limited technical literature, there is very little
known about the properties of these four materials. This paper summarizes the

characterization and mechanical testing of four materials.

2.0 MATERIALS

The objective of this study was to understand how differences in WC grain size affected the
mechanical properties of tungsten carbide-cobalt composites. Materials with comparable
cobalt content, but differing microstructures, were sought for evaluation against another
commercially-available tungsten carbide-cobalt that has been previously investigated [46]. The
comparison material is the Kennametal S105 (Latrobe, PA), now known as KFS64. Three
commercially-available tungsten carbide-cobalt materials, manufactured by the Ceratizit Group
(Mamer, Luxembourg), were examined in this study. The three materials investigated had
essentially the same cobalt content, but significantly different tungsten carbide grain sizes. The

manufacturer-supplied information on all four materials is presented in Table 1.

Table 1. Manufacturer-supplied information on WC-Co materials being evaluated.

Vendor Co Binder | Density Nomm.al Grain Vickers Hardness,
Vendor Code [Wt.%] [g/cc] Size HV30
«/0
[pm] [N/mm?]
Ceratizit CTI.:24F 12.0 14.32 1.85 1340
(Fine)

Ceratizit CT52.3H 11.5" 14.25 0.8 1630
(Submicron)

Ceratizit TSF44.h5 12.0" 14.10 0.4 1730
(Ultrafine)

Kennametal S105+% 10.0* 14.40 0.5-0.8 1580

*Additionally includes <0.5% VC and <0.5% Cr3C>
"Additionally includes <0.5% VC and 1.0% CrsC>
"Now labeled as KFS64

*Additionally includes 0.6% Cr

Due to a supply issue, the TSF44h5 (Ultrafine) material had to be acquired from the Ceratizit

domestic supplier®. As a result, the rods had different final surface finishes. To the naked eye,
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the CTF24F and CTS23H have very similar finishes, while the TSF44h5 had a very shiny surface

compared to the other three. $105 had the dullest surface finish of the four materials.

All three Ceratizit carbide materials were obtained in two forms of rod stock: (1) nominally 16
mm in diameter and 330 mm in length, and (2) nominally six mm diameter rods of varying
lengths. (The TSF44h5 (Ultrafine) rods had a length of nominally 330 mm while the rods of
CTF24F (Fine) and CTS23H (Submicron) had a length of nominally 50 mm.) In all cases the rods
had a circumferentially ground surface finish on the diameter. The larger diameter rods were
used to machine uniaxial tensile specimens, per the drawing in Figure 1, while the smaller
diameter rods were used for cylindrical flexure strength, and some were machined into

rectangular beams for fracture toughness testing.

3.0 EXPERIMENTAL PROCEDURE

3.1 Density, Elastic Properties & Microstructures

The density of each rod was determined according to the Archimedes method. Elastic
properties were obtained from resonant ultrasound spectroscopy (RUS) scans of each part.
Microstructural characterization was completed by examining polished sections of each

material using a scanning electron microscope (SEM).

3.2 Mechanical Properties

Knoop indentation hardness values were obtained at a load of 2000 gf (19.6 N) for each
material, following the procedures in ASTM C1326 [47]"". The four-point flexure strength of the
6-mm-diameter rods was determined following the testing procedures in ASTM C1684 [48].
Thirty rod specimens were tested for each of the Ceratizit materials while twenty rods were
tested for the S105. Tensile test specimens were machined from the 16-mm-diameter rods, as
per the drawing in Figure 1, by an outside contractor, and these specimens were used to
determine the uniaxial tensile strength of each material, according to ASTM C1273 [49].
Approximately fifteen tensile specimens were tested for each material. Prismatic beam
specimens, nominally 3 x 4 x 50 mm? in size, were machined from several of the 6-mm-
diameter rods, according to the guidelines in ASTM C1421 [50], so that the single-edge,
precracked beam (SEPB) method could be used to determine the fracture toughness. The SEPB

precrack can be generated by placing an indent, a series of aligned indents, or a notch into the

“Vickers hardness is the typical hardness value reported for hard metals while Knoop is more commonly used in
the ceramics community. These WC-Co materials were being compared to a variety of ceramics as part of a larger
study. Using Knoop indentation enabled a direct hardness comparison with ceramics.



3mm face of the specimen, then propagating a two-dimensional, sharp precrack using a bridge-
flexure fixture. Previous research [46] has shown that a notch is better at developing the
precrack in WC-Co. As a result, a straight notch, 0.5mm deep, was created using electrical
discharge machining (EDM) with a 0.2mm diameter brass wire. Eight fracture toughness

specimens were tested for each material.

3.3 Fractography, Weibull Analysis, & Strength-Size Scaling

Fractographic analysis of the fracture surfaces was conducted to identify the strength-limiting
flaws for each material. Optical and scanning electron microscopy were used concurrently to
locate and identify the strength-limiting features in both the flexure and tensile specimens,
respectively, according to the guidelines outlined in ASTM C1322 [51]. Optical fractography was
conducted on all of the tested specimens using a stereoscope to determine the general location
and approximate identity of the fracture origin. The test specimens were then batched by
predicted flaw type based upon the results of the optical investigation. Select specimens were
then acutely investigated using a SEM to specifically identify and characterize the strength-
limiting flaws. Weibull analysis, per the recommendations in ASTM C1239 [52], was performed
on the strength data generated for each material . Weibull analysis relies on a “weakest link”
theory [53, 54], which is applicable in this case due to the tested specimens failing from a single
strength-limiting feature. The results of the Weibull analysis were conjoined with the
fractography results to garner a wider perspective on the fracture behavior of these materials,

and the Weibull statistics were used to describe the strength distributions.

4.0 RESULTS AND DISCUSSION

4.1 Density, Elastic Properties & Microstructures

The average density, elastic properties and sound speeds of each of the four tungsten carbide-
cobalt materials are presented in Table 2. The data indicates subtle variations between the four
materials, yet these differences are relatively trivial despite the substantial variances in the
microstructures. The differences in grain size between each of the materials is apparent from
the microstructures in Figure 2. The grain size distribution in CTF24F (Fine) (Figure 2A) appears
to be a bit more uniform than the other three materials, which tend to show a bimodal mix of
coarse and fine grains, with the coarse grains being about twice the size of the fine grains. This
could be attributed to the fact that CTF24F (Fine) does not contain any additives to the binder,
such as the VC and CrsC; in CTS23H (Submicron) and TSF44h5 (Ultrafine) (Table 1), which are

utilized to inhibit grain growth during sintering.



Table 2. Average density and elastic properties for each of the four materials.
. Elastic Shear Bulk . . Longitudi | Shear
. Density Poisson's | nal Wave Wave
Material Modulus | Modulus | Modulus .
[g/cc] [GPa] [GPa] [GPa] Ratio Speed Speed
[m/s] [m/s]
CTI.:24F 14.3 562 229 344 0.24 6754 4011
(Fine)
CTSZ.3H 14.2 561 226 359 0.23 6810 3985
(Submicron)
TSF44.h5 14.0 563 226 365 0.24 6841 3985
(Ultrafine)
$105 14.1 585 238 366 0.23 6884 3728

4.2 Mechanical Properties

A summary of the mechanical properties for the four tungsten carbide-cobalt materials is
presented in Table 3. The plus/minus values listed in the table represent one standard deviation

from the mean for each average value.

Table 3. Summary of the mechanical properties investigated for the four WC-Co materials.

Knoop Hardness, | Flexure Strength, | Tensile Strength, Fracture
Material HK> Oflex GCtens Toughness, Kic
[GPa] [MPa] [MPa] [MPa-m'/2]
C(-:;::nz;F 14.2 £+ 0.3 2581 +131 1944 + 486 11.3+0.5
CTSZ.3H 15.9+0.3 3058 +183 2628 + 581 8.7+0.3
(Submicron)
TSF44.h5 17.2+0.3 2760 + 511 2728 +294 7.3+0.1
(Ultrafine)
S105 15.6 £ 0.2 [46] 3099 + 166 2659 + 301 10.2 £ 0.5 [47]

4.3 Fractography
Optical fractography was sufficient to understand the fracture behavior of each specimens and
the fracture mirror and the fracture origin were clearly defined and easy to observe on the
fracture surface of all specimens (Figure 3). However proper identification of the strength-
limiting flaw required SEM examination. The fractographic observations of each material are

provided in the next sections.



4.3.1 CTF24F (Fine) Specimens

43.1.1 Flexure

All 30 flexure specimens for CTF24F (Fine) failed from a large grain, either in the form of a
single, immense inclusion more than an order of magnitude larger than the carbide grain size
(19 specimens), or a cluster of grains were the individual grains were about two to three times
larger than the nominal average grain size (11 specimens). These strength-limiting features
were spatially distributed in the volume and at the surface of the specimens. The inclusions
were in the form of large singularities, which were identified as WC via energy-dispersive X-ray
spectroscopy (EDS) analysis. These particles were irregularly shaped and ranged in size from 15
to 50 um in any given dimension (see Figure 4A and Figure 4B). Upon closer inspection, these
particles exhibited fracture features on their surfaces, indicating that they fractured off a larger
piece of material. Additionally, there was a clear and distinct boundary between the inclusion
and the normal microstructure. Due to the size of the WC grain and fracture markings on it,
these inclusions are likely a contaminant from the powder processing and not a result of
abnormal grain growth during sintering. The inclusions were likely introduced during the milling
process when WC milling media were used to either refine the grain size of the starting powder
or homogenize the carbide and cobalt powders prior to sintering. The other type of large grain
fracture origin was a cluster of large grains that were typically about 50 um in diameter, with
the grains within the cluster averaging about 10 um (see Figure 4C), over five times larger than
the nominal grain size of the material (1.85 um). Again, EDS was used to confirm that these
clusters were of the same composition as the rest of the material. These flaws are attributed to
abnormal grain growth of the carbide grains during sintering, either due to a lack of grain-
refining phases in the local area or preferential alignment of low energy crystal planes, which

increases the tendency to form large grains via diffusion [55-58].

431.2 Tensile

Of the 13 tensile specimens tested for CTF24F (Fine), nine were found to have failed from
volume-distributed clusters of porosity ranging from approximately 30 to 100 um in size (see
Figure 5A). Of this subset, two failure origins were a combination of a porous region with a
singular, large grain inclusion, similar in appearance to those found in the flexure specimens.
The inclusions again appeared to be a brittle particle with highly angular geometries ranging
from approximately 75 to 150 um in size (see Figure 5B), well above the nominal grain size of

the material. Again, these inclusions displayed fracture markings indicating that they may have



fractured off the milling media. The remaining four specimens were determined to have failed

from machining cracks at the specimen surface.

4.3.2 (CTS23H (Submicron) Specimens

432.1 Flexure

The majority of the CTS23H (Submicron) flexure specimens (25 of 30) failed due to porous
regions. SEM inspection revealed clusters (approximately 15 to 20 pum in diameter) of enlarged
grains (average grain size of 3 um) in the areas surrounding several of these flaws (see Figure 6),
indicating that the flaws are likely pores that formed during processing. These porous regions
could lead to abnormal grain growth during sintering due to the lack of binder phase and grain
growth inhibitors, hence the large grain clusters found in the same vicinity. The remaining five
specimens were noted to have fracture origins of large grain clusters, similar in appearance to
those of CTF24F (Fine), however, porosity was not noted to be as prevalent in the vicinity of

these flaws.

4322 Tensile

One of the sixteen tensile specimens tested for CTS23H (Submicron) experienced a
misalignment during testing, and the specimen failed at an extremely low load value in a
bending manner, so this data point and specimen were discarded from any further analysis.
However, similar to the dominant flaw found in the CTF24F (Fine) tensile specimens, ten of the
remaining specimens were found to have failed from a porous region. The porous regions
varied in size from approximately 5 to 40 um in diameter (see Figure 7A). A single specimen was
identified as failing from a large WC grain inclusion, again similar in appearance to the
inclusions observed in CTF24F (Fine), though this time the inclusion was measured at only 10
um in size (see Figure 7B). The final five specimens were identified as failing due to surface-

distributed machining cracks (see Figure 7C and D).

4.3.3 TSF44h5 (Ultrafine) Specimens

4331 Flexure

The TSF44h5 (Ultrafine) flexure specimens exhibited two different flaw populations, this time
with respective spatial distributions. The majority (22 of 30) of the specimens failed due to a
porous region (see Figure 8A), similar in appearance to those of the previous materials. These
porous regions were spatially distributed at both the surface and in the volume of the test
specimen. The porous regions appear to be due to a lack of densification of the material during

sintering, as several abnormally large grains (approximately 1.5 um) were typically observed in



the region surrounding the porosity (see Figure 8B). The other eight specimens failed due to
machining cracks at the specimen surface. These specimens were obtained from a different
facility than the first two Ceratizit materials, and were noted to have a different surface finish
as previously stated and chips were noticed on the specimen surface in the area of surface-

distributed fracture origins, Figure 8C.

433.2 Tensile

Thirteen of the sixteen TSF44h5 (Ultrafine) tensile specimens were classified as failing from
volume-distributed flaws of either porosity, a cluster of large grains, or, most commonly, a
combination of the two. The porosity was either in the form of a 2-dimensional porous seam
(Figure 9A) or a 3-dimentaional porous region (Figure 9B). The large grain clusters resided in the
porosity and were nominally 10 um in diameter, while the size of the individual grains (=2 pum)
that made up the cluster were about five times larger than the nominal grain size of the
material (0.4 um). This grain growth is attributed to a processing-induced flaw, likely where
there was an area deficient of cobalt, resulting in carbide-carbide interfaces across which
diffusion allowed grain growth to occur during the sintering process [27, 58]. Three specimens

were identified as failing from surface-distributed machining cracks.

4.3.4 S105 Specimens

434.1 Flexure

The comparison material, Kennametal S105, had fracture origins very similar to the three
Ceratizit materials. Of the 20 flexure specimens, it was an almost evenly split between two
volume-distributed flaw populations, inclusions and porous regions. The inclusions again were
in the form of singular large particles identified as WC that appear to be artifacts of the milling
process (see Figure 10), though they were a bit smaller in size (approximately 5 to 10 um) than
the inclusions observed in the other materials. The porous regions were typically 15-20 pm in

diameter.

43472 Tensile

A minor fraction (4 of 20) of the S105 tensile specimens failed from surface-distributed flaws in
the form of machining damage. Of the remaining 16 specimens with volume-distributed flaws,
six failed from an inclusion and the other ten failed from regions of porosity. The appearance of
the inclusions was very similar to the previous inclusions (see Figure 11A), and they were again
confirmed as WC particles that ranged in size from 5 to 50 um. The regions of porosity were an

average of 25 um in diameter (see Figure 11B).



Kliinsner and colleagues reported uniaxial tensile strength values for 10 different WC materials
fabricated by Ceratizit including three materials containing 12% Co and one with 11.8% Co [59].
These four materials had listed grain sizes and HV30 values very similar to the three materials
examined in this study. The tensile strength was obtained using a reduced-gage section
specimen that subjected approximately 340mm? of material to the tensile load, which is more
than twice the volume (141mm?3) of the specimen used in this effort (Figure 1). Even with this
difference in specimen volume the tensile strengths reported [59] are similar to those reported
in this effort. All of the observed fracture-initiation flaws identified in this study agree with

results on other WC-Co materials investigated via similar fractography analyses [60-63].

4.4 Weibull Analysis

The following Weibull analysis was conducted assuming a two-parameter Weibull distribution
using a maximum likelihood estimation (MLE) regression algorithm, following the procedures
outlined in ASTM C1239 [52]. The Weibull parameters of Weibull modulus (m) and
characteristic strength (oe) are calculated with 90% confidence bounds (as noted in the
parentheses) and presented in Table 4, along with the number of specimens tested, mean
strengths (plus/minus one standard deviation), and effective volumes (V) for future strength-
size scaling exercises. The Weibull modulus was unbiased from the number of specimens tested

according to the procedures outlined in ASTM C1239.

Table 4. Estimates of the Weibull parameters for the four materials for both testing conditions.

Flexure Tension
Material Omean * 0'9* Ve Omean * Ge* Ve
# m 5 | H m 3
(MPa) (MPa) (mm?) (MPa) (MPa) (mm?)
CTF24F 2581 23.4 2639 1944 13.3 2203
(Fine) 30 +133 (19.4,31.1) | (2606, 2674) 3.5 13 +486 | (10.2,24.5) | (2124, 2285) 1414
CTSZI3H 30 3058 18.0 3143 51 15 2628 10.1 2924 141.4
(Submicron) +186 (15.0, 23.8) | (3091, 3196) +581 | (7.9,17.6) | (2790, 3063)
TSF44h5 2760 5.7 2845 2728 14.2 2850
(Ultrafine) 30 520 (4.7,8.0) |(2677,3024) 24.7 | 16 +294 | (10.9, 23.3) | (2766, 2937) 1414
3099 20.7 3174 2659 13.6 2762
5105 20 +166 (16.7,29.7) | (3119, 3230) 3.9 20 +301 | (10.9, 19.8) | (2692, 2835) 1414

"Note: 90% confidence intervals are included in parentheses

The plots of the Weibull analysis for each of the four materials in both loading conditions are
presented in Figure 12. Some careful considerations were made when performing the Weibull
analysis in conjunction with the results of the fractography investigations. An allowance, per
ASTM C1239 [52], is to censor a minor flaw population, to simplify the analysis, if it had minimal

impact on the Weibull parameters. An example of this is the surface-distributed machining
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flaws noted for the TSF44h5 (Ultrafine) flexure specimens, or the five (of thirty) CTS23H
(Submicron) specimens that had a fracture origin in the form of volume-distributed large grain
cluster. To confirm this assumption, the flaw populations were segregated and Weibull
parameters were calculated separately to ensure the minor population did not have a
pronounced effect on the overall Weibull statistics. Similarly, if a specimen set had two, distinct
major flaw populations then they were analyzed independently and as one set to determine
whether it would be appropriate to combine the two populations into a single population for
simplification of the analysis. This situation can be observed in the flexure specimens of CTF24F
(Fine). Weibull analysis was performed on the two populations (inclusions and large grain
clusters) separately and they were found to have extremely similar Weibull parameters with
largely overlapping confidence bounds, [inclusions: m = 24.2 (17.8, 33.2) and oe = 2619 (2576,
2663) and large grains: m = 21.1 (13.9, 32.6) and og = 2670 (2604, 2738)] therefore they were
treated as one population for the overall analysis. In addition, the two flaw types were
approximately 50 um in largest dimension, rendering them as equivalent flaw sizes when
undergoing loading, which helps to support the previous assumption and findings of similar
Weibull behavior for the two separate flaw populations. This same approach was taken for the
$105 flexure and tensile specimen sets, possessing major flaw populations of inclusions and

porous regions.

4.5 Density, Elastic and Mechanical Properties

All four materials had density values comparable to the company literature values and each
exhibited nominally equivalent elastic properties (Table 2). The similarities in the elastic
properties were to be expected given their similar compositions. However, the differences in
microstructure begin to emerge and have a greater influence when comparing the mechanical
properties (Table 3). Although the Knoop hardness values measured in this effort could not be
directly compared to the company provided Vickers hardness values, the trend in hardness was
consistent with the ultrafine grain size (TSF44h5) being the hardest. Conversely, the coarser
grained CTF24F had the highest fracture toughness. In general, three anticipated trends were
observed and are presented in Figure 13: (A) Hardness decreasing with increasing grain size, (B)
toughness increasing with increasing grain size, and (C) inverse relationship between hardness

and toughness.

A finer carbide grain size is attributed to a higher hardness, due to a Hall-Petch relationship.
However, toughness decreases with grain size, as the energy needed for a crack to propagate

around these smaller grains is much lower, leading to a lower degree of tortuosity in the crack

11



path. The three Ceratizit materials exhibited the anticipated trends in properties due to their
varying grain sizes, but similar binder content, while the S105 material did not conform to these
trends. This is likely due to the broad characterization of carbide grain size “classes” or
“families”. If the “submicron” grain size of the S105 material were to shift more towards the
upper limit of 0.8 um, the hardness and toughness versus grain size trends would likely hold

true for all four materials.

The CTS23H (Submicron) material possessed the closest property values to the comparison
material (5105), mainly attributed to their similar grain size. Although it has a lower binder
content, the S105 had a higher toughness and lower hardness than the CTS23H (Submicron).
Therefore, the different additives must account for the variations between the two materials.
The VC and Cr3C; provide hardening contributions to the CTS23H (Submicron), while the Cr

additive to the S105 enhances the toughness of the material.

The TSF44h5 (Ultrafine) material exhibited a high variation in flexure strength properties, which
is attributed to a combination of different flaw populations. These materials came from a
different Ceratizit manufacturing facility, as noted previously, and did not appear to have the
same surface finish as the other two Ceratizit materials. This difference in finish may indicate
that the grinding process employed to achieve the specified rod diameter was different than
the process used on the CTF24F (Fine) and CTS23H (Submicron). Fractographic analysis revealed
this was the only material where the flexure specimens exhibited a substantial population of
surface-distributed machining flaws (7/30). In addition, fractography determined that the flaws
in this material appear to be much smaller than the other materials. Both of these factors will
contribute to the large spread in flexure strength. The fracture toughness values generated
using the single-edge precracked beam specimen and those calculated from the measured flaw
size and strength values, in accordance with linear elastic fracture mechanics, are in excellent

agreement (see Table 5).

With the exception of the TSF44h5 (Ultrafine), the flexure strength of the other three WC-Co
materials is a few hundred megapascals higher than the uniaxial flexure strength. This is not
unexpected due to the vast difference in the amount of material interrogated by the two
different specimens under the associated loading configurations. Previous studies [6, 64, 65, 66,
67] have shown that a residual compressive stress, ranging from a few hundred megapascals to
2-3 GPa, can develop at the surface of WC-Co materials due to the machining/grinding

processes used to achieve dimensional specifications. While such stresses were not measured
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as part of this effort, the authors do not believe that any residual surface stresses that might be
present in these four WC-Co materials had an influence on the flexure strength. Further
supporting this is the fracture toughness data in Table 5. The fracture toughness values
calculated from fracture mechanics, using the measured flexure strength and the size of the
strength-limiting flaw, are in excellent agreement with the fracture toughness determined by
the SEPB method. If the residual compressive stress had an influence the flexure strength
values would be higher, which would result in the calculated fracture toughness values for the

flexure specimens being higher than the SEPB values.

Table 5. Results of analysis of the flaw size (calculated and measured), mirror radius, fracture
toughness (calculated from predicted flaw size and experimentally measured), and mirror
constant.

. Mirror Fracture toughness, K Mirror
Flaw size, ¢ (um) irror:
Material | Loading radius, R “:';::: ':7:’ (MPa-m*/2) constant, A
Calc. Meas. (km) ’ Calc. Exp. (SEPB) | (MPa-m%/?)
CTF24F FLEX | 12+2.4 | 16+6.2 | 100 +38 6.3 11.8+2.0 113405 26+ 4.6
. .3%0.
(Fine) TENS | 33+31 | 40+8.8 | 2444194 6.1 14.0+1.0 26+3.2
CTS23H FLEX | 4.8+0.6 |7.2+19| 52+11 7.2 99+1.2 67403 22+23
. ./ x0.
(Submicron) | TENS | 9.2+6.5| 14+9.2 | 78+48 5.6 11.0+2.7 20+ 3.6
TSF44h5 FLEX | 4.6+2.0|50+1.4 | 55+13 11.0 7.1+2.8 3to1 21+2.6
. .3+0.
(Ultrafine) | TENS | 54+15 | 13+4.7 | 64+22 4.9 11.0+1.4 21+2.9
FLEX |7.6+0.8| 10+1.6 | 30%10 3.0 11.7+3.6 17+2.0
$105 10.2 £ 0.5
TENS | 12+2.7 | 13+40 | 37+13 2.8 10.6+1.8 16+ 2.7

4.6 Fractography and Weibull Analysis

The lack of a consistent flaw population from flexure to tensile testing for the three Ceratizit
materials did not allow for overarching conclusions about the strength based on differences in
grain size. This variation in flaw population is also concerning in relation to the manufacturing
of the materials. The flexure and tensile specimens were produced from two different diameter
rods. The rods used to machine the tensile strength specimens had a diameter over two-and-a-
half times larger than the rods for the flexure specimens. Since these rods are typically formed
via an extrusion process, there in an inherent pressure gradient between the surface and the
center of the rods. This pressure gradient likely accounts for the increased tendency for
porosity to form in the center portion of the larger diameter extruded rod, which results in
failure from porosity in the tensile strength specimens, while the flexure strength specimens

more commonly failed from an inclusion or large grain cluster, though there was still some
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porosity present. The manufacturer indicates that their materials are sintered but sometimes
pressure is added. Even after a sinter-hot isostatic press (HIP) procedure, there is likely still
some residual internal porosity that cannot be driven out of the material, which can be
observed in the density values for the materials (Table 2) lying a few percent below the
theoretical density value (composition and unspecified/unaccounted for additives can also play
a role). Additionally, there is the possibility that batch-to-batch variability played a role. This is
highlighted by the significant difference in the strength-limiting flaw population between the
flexure (WC inclusion and large WC grains) and tension (porosity) specimens of the CTF24F

(Fine) material.

The Weibull analysis in Figurel2 appears largely appropriate for the analysis of the CTF24F
(Fine), CTS23H (Submicron), and S105 materials for the two separate loading conditions, even
though the flaw population was not consistent for the former two. The S105 cermet was the
only material that showed consistent strength-limiting flaws between flexure and tensile
testing. The Weibull analysis of TSF44h5 (Ultrafine) was highly inconsistent, similar to the
majority of the mechanical property analysis for the same material. Much of this inconsistency
in flexure strength is attributed to machining damage from the surface finishing process, and
the susceptibility of a relatively homogeneous, ultra-fine-grained microstructure to large
variations in fracture-dependent property. This can be observed in the extremely low Weibull
modulus for the flexure specimens of this material, as well as the large deviations in individual
data points to the Weibull fit line, compared to the other three materials. However, the Weibull
analysis of the tensile specimen datasets was relatively consistent across the four materials.
The various Weibull moduli (Table 5) were relatively consistent within the individual loading
conditions, aside from the aforementioned TSF44h5 (Ultrafine) flexure results, and are in
decent agreement with similar specimens previously evaluated [27]; however, the values are
generally lower than previously observed. This is likely due to the difference in surface finish of
the flexure specimens (as-ground vs mirror-like [27]), which could reduce the effect of surface-
distributed flaws and the interaction of sub-surface, volume-distributed flaws by machining

damage on the surface of the specimen.

A previous study [68] has shown that the ratio of the inner fracture mirror radius to the fracture
origin size is approximately 6:1 for polycrystalline ceramics but values as low as three (3) and as
high as ten (10) were reported. The ratio for both the flexure and tensile specimens of the
CTF24F (Fine) and CTS23H (Submicron) are in excellent agreement with this 6:1 ratio. The
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values for the TSF44h5 (Ultrafine) and S105 deviate from this ratio but are within or very close

the range of values previously reported for polycrystalline ceramics.

The fracture mirror size is related to the stress at the fracture origin according to the
relationship: oVR = A, where o is the tensile stress at the origin, R is the radius of the fracture
mirror, and A is the fracture mirror constant. The radius of the fracture mirror was measured on
the fracture surface of each specimen and was coupled with the tensile strength of the
respective specimen generating a plot of o versus inverse square root of the mirror radius. The
slope of this line is the fracture mirror constant. The mirror constant for each WC (see Table 5)
was consistent whether it was determined by measuring the mirror size on the fracture surface
of flexure or tensile strength specimens. These values were also in general agreement with

previously reported fracture mirror constants for WC materials [69].

5.0 CONCLUSION

Three tungsten carbide-cobalt materials from a single company, with similar binder content,
but varying grain sizes, were obtained and evaluated for comparison to a tungsten carbide with
a similar Co content but produced by a different manufacturer. The tungsten carbide grain sizes
and overall microstructure of each material were quite different; however, these differences
did not extend to elastic properties. Subtle differences in the mechanical property values of
hardness, flexure strength, tensile strength, and fracture toughness as a function of tungsten
carbide grain size were observed. In general, an increase in hardness and tensile strength with
decreasing grain size was observed, as was an increase in fracture toughness with increasing
grain size. However, the flexure strength results did not show high correlation to grain size due
to variations in the strength-limiting features in these specimens. The S105 material was found
to be most similar in properties to CTS23H (Submicron) due to their similar grain size. Overall,
there was no observable trend in performance across multiple mechanical properties with
changing microstructure. Rather, it appears that a combination of grain size and composition
(of both binder and other additives) must be considered when selecting a cermet material for a

specific desired performance metric.

Fractography and Weibull analyses were performed on all four materials. On the whole,
Weibull analysis is appropriate for evaluating the failure probability of these composite
materials. However, due to variations in strength-limiting flaw populations, as determined from
fractography, it is difficult to garner broad conclusions about the failure behavior. These flaw

population differences are likely due to pressure gradients in the extrusion process of different

15



diameter rods and are also sensitive to the machining procedure used to achieve the final rod

diameter the test specimens.
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Figure Captions
Figure 1. Technical drawing of the uniaxial tensile specimen (units: mm; scale 3:2).

Figure 2. Microstructure of the four materials: (A) CTF24F (Fine), (B) CTS23H (Submicron), (C) TSF44h5
(Ultrafine), and (D) S105. Note the slight difference in scale for (D) compared to the other three
materials

Figure 3. Optical images of a CTS23H (Submicron) tensile specimen showing the entire fracture surface
(A) with the fracture mirror marked by the red arrows. (B) close up of the mirror and origin, the origin is
in the center of the mirror and highlighted by the red arrow. The fracture origin in this specimen was a
large WC grain

Figure 4. SEM images of representative fracture origins in the CTF24F (Fine) flexure specimens: (A) and
(B) are WC inclusions, most likely introduced during processing, while (C) is a cluster of large WC grains
at the specimen surface that are the result of abnormal grain growth

Figure 5. Representative SEM images of the fracture origins found in the CTF24F (Fine) tensile
specimens: (A) Porous region and (B) WC inclusion. Note the fracture markings (red arrow) on the WC
inclusion indicating this might be a piece of a WC milling media that fractured off during power
processing

Figure 6. SEM image of one of the porous regions identified as the strength-limiting flaw in the CTS23H
(Submicron) flexure specimens. This flaw happened to be located at the specimen surface (i.e.,
machined surface)

Figure 7. SEM images of the strength-limiting flaws identified from the CTS23H (Submicron) tensile
specimens: (A) Porous region, (B) WC inclusion and (C) and (D) Optical image of a machining damage. (C)
show the fracture surface with the origin at the surface surrounded by the fracture mirror. Note how
the edge is jagged. (D) is a view of the external surface showing many deep longitudinal machining
grooves that match with the jagged edge shown in (C)

Figure 8. Representative SEM images of the fracture origins in the TSF44h5 (Ultrafine) flexure
specimens: (A) small porous region, (B) larger porous region, the submicron black spots are pores while
the larger black features are contamination and (C) optical image of machining damage on the external
surface of a specimen that was the fracture origin

Figure 9. SEM images of the strength-limiting flaws associated with the TSF44h5 (Ultrafine) uniaxial
tensile specimens: (A) Porous seam with a cluster of large grains and (B) a porous region with a large
grain cluster

Figure 10. SEM images of the WC inclusion as the fracture origin in the S105 flexure specimens.

Figure 11. Representative SEM images of the fracture origins identified for the S105 uniaxial tensile
specimens: (A) WC inclusion and (B) porous region, all of the black areas are submicron pores.

Figure 12. Plots of the results of Weibull analysis for the four materials considering the loading
configuration and fractographically-identified strength-limiting flaw analysis: (A) CTF24F (Fine), (B)
CTS23H (Submicron), (C) TSF44h5 (Ultrafine), and (D) S105. Specimen data points from flexure are in blue,
while tensile specimens are in red. The corresponding dash-dot fit line is plotted based upon the unbiased



Weibull modulus (my) provided in each plot along with the characteristic strength (gs) for each loading
configuration. Note that the specimens that failed due to machining damage have been censored from
the numerical analysis but are included in the plot for completeness.

Figure 13. Plots of: (left) hardness versus grain size, (middle) toughness versus grain size, and (right)
hardness versus toughness for the four materials.
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Figure 1. Technical drawing of the uniaxial tensile specimen (units: mm; scale 3:2).
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Figure 2. Microstructure of the four materials: (A) CTF24F (Fine), (B) CTS23H (Submicron), (C)
TSF44h5 (Ultrafine), and (D) S105. Note the slight difference in scale for (D) compared to the
other three materials.



Figure 3. Optical images of a CTS23H (Submicron) tensile specimen showing the entire fracture
surface (A) with the fracture mirror marked by the red arrows. (B) close up of the mirror and
origin, the origin is in the center of the mirror and highlighted by the red arrow. The fracture
origin in this specimen was a large WC grain.

Figure 4. SEM images of representative fracture origins in the CTF24F (Fine) flexure specimens:
(A) and (B) are WC inclusions, most likely introduced during processing, while (C) is a cluster of
large WC grains at the specimen surface that are the result of abnormal grain growth.



Figure 5. Representative SEM images of the fracture origins found in the CTF24F (Fine) tensile
specimens: (A) Porous region and (B) WC inclusion. Note the fracture markings (red arrow) on
the WC inclusion indicating this might be a piece of a WC milling media that fractured off during
power processing.

Figure 6. SEM image of one of the porous regions identified as the strength-limiting flaw in the
CTS23H (Submicron) flexure specimens. This flaw happened to be located at the specimen
surface (i.e., machined surface).
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Figure 7. SEM images of the strength-limiting flaws identified from the CTS23H (Submicron)
tensile specimens: (A) Porous region, (B) WC inclusion and (C) and (D) Optical image of a
machining damage. (C) show the fracture surface with the origin at the surface surrounded by
the fracture mirror. Note how the edge is jagged. (D) is a view of the external surface showing
many deep longitudinal machining grooves that match with the jagged edge shown in (C).
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Figure 8. Representative SEM images of the fracture origins in the TSF44h5 (Ultrafine) flexure
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Figure 9. SEM images of the strength-limiting flaws associated with the TSF44h5 (Ultrafine)
uniaxial tensile specimens: (A) Porous seam with a cluster of large grains and (B) a porous region
with a large grain cluster.

Figure 10. SEM images of the WC inclusion as the fracture origin in the S105 flexure specimens.



Figure 11. Representative SEM images of the fracture origins identified for the S105 uniaxial
tensile specimens: (A) WC inclusion and (B) porous region, all of the black areas are submicron
pores.
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Figure 12. Plots of the results of Weibull analysis for the four materials considering the loading
configuration and fractographically-identified strength-limiting flaw analysis: (A) CTF24F (Fine),
(B) CTS23H (Submicron), (C) TSF44h5 (Ultrafine), and (D) S105. Specimen data points from flexure
are in blue, while tensile specimens are in red. The corresponding dash-dot fit line is plotted
based upon the unbiased Weibull modulus (my) provided in each plot along with the
characteristic strength (og) for each loading configuration. Note that the specimens that failed
due to machining damage have been censored from the numerical analysis but are included in
the plot for completeness.
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Figure 13. Plots of: (left) hardness versus grain size, (middle) toughness versus grain size, and
(right) hardness versus toughness for the four materials.





