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Abstract
Heat treatment, tensile testing failure analysis, and microstructural evaluation of the Crucible
Industries tool steel CPM® 3V was undertaken to investigate CPM® 3V’s tempering response
for the following samples: As-Hardened (no tempering); tempered at 450°C, 550°C, 650°C, and
700°C; and As-Received (annealed). CPM® 3V tool steel is manufactured by Crucible Industries
using their proprietary Crucible Particle Metallurgy (CPM®) technology. This material was heattreated at four different tempering temperatures and was evaluated for tensile properties
according to ASTM E8. A TMS landmark tensile fixture was used to establish the ultimate
tensile strength and the yield strength of the material for the various heat-treated conditions. A
detailed failure investigation of the fractured tool steel was carried out to assess the mode of
fracture at various size scales. The test specimens and their fracture surfaces were subjected to
detailed examination. Representative fracture surfaces were analyzed using a Tescan Mira
scanning electron microscope (SEM) to determine the fracture morphology and material’s
behavior at a microscopic scale. Microstructural characterization was done for all sample
conditions using Leica reflected light microscopy and the Tescan Mira SEM to ascertain the
microstructural changes in the material. Detailed investigations of the tool steel ASTM E8
standard tensile test specimens established the samples tempered at < 550°C were dominated by
brittle failure while samples tempered at > 550°C experienced ductile failure. The 550°C
treatment showed mixed ductile and brittle fracture features. This study found that CPM® 3V
can be optimized for strength, with good tensile toughness, at a 550°C tempering temperature.
This is consistent with the recommended tempering temperature for good wear resistance and
toughness in Crucible Industries data sheet.

Keywords: tool steel, tempering response, tensile testing, steel microstructures, carbides
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1. Introduction
1.1.

Steel

Steel, in its most basic form, is an alloy of iron (Fe) with dissolved interstitial carbon (C),
known as the Fe-C system [1, 2, 3]. The Fe-C system is the lens through which material
properties and microstructures of steel are typically discussed. The Fe-C system is extremely
manipulable and can produce material behavior that meets the needs of applications with very
different criteria. The low-cost and processability of steel make it a popular building and
manufacturing material with broad applications. Overall, steel is an indispensable industrial
material. Investigation of microstructure and mechanical behavior in varying steel alloys
continues to be critical for improving material development.

1.2.

CPM® 3V and Tool Steels

CPM® 3V is a tool steel that is designed and produced for high toughness and high wear
resistance applications [4, 5]. The high toughness and high wear resistance properties enable
CPM® 3V steel to be a good option for stamping/forming tools, punches and dies, blanking
tools, industrial knives, shear blades, scrap choppers, industrial pelleting blades, plastic injection
molding feed screws, dies, and valve components in systems that carry abrasive slurries [4].
CPM® 3V is also a popular choice in outdoor recreation industries for making high quality
knives that can handle the abuse of chopping wood and other rigorous camp chores [e.g., 6, 7, 8].
In Figure 1, CPM® 3V shows an exceptional combination of both high toughness and high wear
resistance compared to other tool steels. Typically, toughness and wear resistance are inversely
related. For example, S7 has high toughness and low wear resistance while CPM® 15V has low
toughness and high wear resistance (Figure 1). CPM® 3V has comparable wear resistance to A2,
D2, CRU-WEAR, and M2 steels while having much greater toughness [4, 5]. In many tool steel
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applications, failures occur prematurely due to chipping [3]. Therefore, a tool steel that has a
combination of high toughness and high wear resistance is desirable.

Figure 1. Bar graph showing the relative wear resistance and the toughness of tool steels. Figure as
designed by [1].

1.3.

Manufacturing Technique of CPM® 3V

Crucible Industries is a manufacturer of powder steels. Crucible Industries produces
CPM® 3V using their proprietary Crucible Powder Metallurgy (CPM®) technology [4]. CPM®
technology uses high density sintering of pre-alloyed particles to produce a material with
uniform primary carbide distribution in a fine-grained iron matrix [4]. Due to the proprietary
nature of manufacturing CPM® steels, there is no additional information available regarding
Crucible Industries’ process. A brief discussion on sintering is included in the background
section.
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2. Background
2.1.

Sintering

The advent of powder metallurgy improved manufacturing of steels by allowing elevated
alloy compositions compared to those used in conventional foundry techniques. For example, it
is generally recommended that cast or continuously-cast alloy grades do not contain more than
2 wt.% vanadium (V) [9]. Increasing V content can lead to deleterious carbide morphology.
However, the CPM® process that Crucible Industries uses can produce alloys that have V
content exceeding 13 wt.%. CPM® 3V steel contains 2.75 % V. It is possible to increase the
alloy composition in sintered powder metallurgy steels, because the process of sintering the
powder is a solid-state, diffusion-based process.
During sintering, metallic powder is combined at a temperature typically around 80% of
the absolute melting temperature for a given alloy [3, 10]. The mechanisms of atomic mobility
changes notably between the solid and liquid state of matter, leading to much lower rates of
diffusion in solid state processes [11]. With decreased diffusion rates, alloy elements can be
increased without the formation of large carbides, sheet like carbides, or other carbide
morphologies that are usually found in foundry-cast, high alloy steel [9, 12]. Sintering is also
conducted under pressure. Pressure increases the particle adhesion, increases pseudo-viscous
flow of the porous powder bed, and increases the effective density within the sintering powder
bed [10, 13].
One of the main challenges related to sintering metal components is ensuring that the
material is void free (i.e., high density) [13]. If sintered materials are not void-free, failures will
commonly initiate at voids. Furthermore, components are designed for specific fatigue
applications; the presence of defects (voids) in the material will greatly reduce the fatigue life.
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Hot isostatic pressing or hot-working post-sintering treatments can be done to reduce the
porosity of the sintered materials [14]. CPM® 3V steel is a high density (low porosity) sintered
steel.

2.2.

Fundamentals of Hardening Steels

Hardening steel is the first step to improving the performance of the steel in high strength
applications. The most basic Fe-C system is hardenable at 0.025–2.000 wt.% C. Steel and tool
steel typically have ≤ 2 wt.% C because the high temperature Fe phase, austenite (Figure 2 on the
left), can only dissolve ≤ 2 wt. % C. In contrast, the low temperature Fe-phase, α-ferrite, contains
a maximum of 0.025 wt.% C [2]. The difference in maximum C wt.% that is in the two Fe
phases plays a key role in the hardenability of steel.
The most ductile state of steel is the annealed state. Annealing is done by heating steel to
a temperature within the austenite phase field and cooling it slowly. Equilibrium, or new
equilibrium is maintained throughout the cooling path. The equilibrium cooling path allows the
excess alloy elements (that are dissolved in the austenite phase) to precipitate as solute rich
phases (typically carbides). Precipitation happens because the face-centered-cubic (FCC) crystal
structure of austenite changes to body-centered-cubic (BCC). During this crystal structure
change, the solubility of the alloying constituents in the iron is greatly reduced and thereby
solutes are rejected and precipitated as cementite. Overall, annealing is an equilibrium process,
and it allows phase stability and diffusion to take place.
In contrast to annealing, hardening heat treatments involves rapid (non-equilibrium)
cooling paths of the steel. First, the material is heated to within the austenite phase field and held
there for a period of time, known as soaking. Soaking ensures that the material is uniformly
heated, forming FCC austenite, and that all alloying elements are completely or partially
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dissolved in the austenite [1, 2, 3, 9, 11]. The soaking stage in which austenite is formed is also
known as austenitization of the steel. After soaking, the steel is cooled at a rate that does not
allow diffusion to take place. Therefore, the FCC austenite is not able to change to the BCC
α-ferrite phase, rather the austenite becomes a metastable body-centered-tetragonal (BCT) phase
known as martensite. The martensite crystal structure is supersaturated in alloy elements relative
to α-ferrite because the alloy elements did not completely diffuse and precipitate as a discrete
phase or phases during cooling [1, 2, 3]. Martensite is the hardened Fe-phase of steel. It is not
shown in Figure 2 because Figure 2 is an equilibrium phase diagram and martensite only forms
during non-equilibrium cooling conditions.

Figure 2. Fe-C phase diagram. As designed by [4] in agreement with [1, 2, 3]. Note: 1 is the maximum wt.%
C for the α-ferrite phase, 2 is the peritectic point from δ-ferrite + liquid to austenite + liquid, 3 is the
eutectoid composition and temperature for steel, 4 is the maximum wt.% carbon for the austenite phase,
and 5 is the eutectic composition and temperature for cast iron. Absolute C wt.% of eutectoid can vary
depending on literature, typical value is ~0.8 wt.% C.
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A time-temperature-transformation (T-T-T) graph can be used to understand the effect
cooling rate has on hardening steel. T-T-T graphs are generally experimentally established for
individual alloys because the addition of alloying elements (Si, Cr, V, Mo, Mn, W, and/or Nb)
will change the T-T-T fields. However, a plain carbon T-T-T graph (Figure 3) can be used to
understand the overall process. If the steel is cooled from the eutectoid temperature (i.e., 723°C)
at a rate sufficiently fast, the steel will not cross the austenite (A) + α-ferrite (F) + cementite (C)
phase field. Instead, the steel will drop in temperature directly to the martensite (M) field and
martensitic structure will be formed. A steel with martensitic structure is fully hardened [2, 3].
Alloying elements added to the steel will reduce the cooling rate necessary to form
martensite. For example, in plain carbon 1080 steel, the necessary cooling rate is ~ 100°C/s.
Conversely, H13 air hardened steel only requires a cooling rate ~ 15°C/s [15]. Alloyed steels
have lower rates of diffusion because of solute drag. Ultimately, solute drag increases the time
necessary for phase transformations to occur [11]. Therefore, the T-T-T diagram is shifted to the
left. In this case, under natural cooling conditions, the cooling path for the high alloy steel does
not interact with the austenite (A) + α-ferrite (F) + cementite (C) phase field. Instead, the high
alloy steel will cool to the martensite phase field and form a martensitic or partially martensitic
structure (hardened). CPM® 3V is an air hardening steel due to the alloying elements Cr, V, Mo,
Si, and Mn.

7

Figure 3. Time-Temperature-Transformation (T-T-T) diagram for 1080 plain carbon steel as designed by
[2]. M is martensite, A is austenite, F is α-ferrite, and C is cementite.

2.3.

Effects of Alloying Elements

The elements that are common in tool steels include C, W, V, Cr, Mo, Si, Mn, and
sometimes Co [12, 16, 17]. Alloying elements can be separated into two categories in steel:
carbide formers and non-carbide formers. Non-carbide forming elements stay within the
Fe-phase throughout the heat treatment; Mn and Si are considered non-carbide forming elements.
Although, non-carbide forming elements are seen in carbides in annealed steel, they have a weak
affinity for C relative to the other alloy constituents and rapidly break down and dissolve into the
Fe-phase during austenitization. Conversely, carbide formers are the elements which bond with
C to form various carbides.
Carbides will have varying stability with temperature depending on the alloy elements in
the carbide and the alloy elements affinities for C. The carbide forming elements in decreasing
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order of affinity are V > W > Mo > Cr > Fe. Cr and Fe have similar carbide forming potential, so
Cr-bearing carbides tend to have Fe in them. V and W has very high affinity for carbon [3].
These stronger carbide forming elements are desirable because they remain stable during
austenitization as primary carbides. The presence of primary carbides is important to maintaining
small austenite grains. The primary carbides will prevent the austenite grains from experience
runaway growth. Mo has a more intermediate affinity for carbon; however, its carbide forming
potential is notably higher than Cr [18]. Alloying elements ultimately change the phases present
and the temperature ranges of phase stability which affect the mechanical properties [19].
Adding alloying elements effect the steel’s mechanical properties in different ways. For
example, Figure 4 demonstrates the effects various alloy element have on hardenability. Mo
increases hardenability the greatest at a given concentration while Si increases hardenability the
least for the given concentration. Although alloying elements such as Mo are generally added to
increase hardenability, they also form carbides. Tool steels will generally have a large number of
carbide forming elements in order to increase the distribution and variations of carbides in the
steel. These carbides increase wear resistance and high temperature carbides help keep grain size
small during heat treatment [20, 21, 22, 23]. In another example, Cr when dissolved in the
Fe-phase increases the steel’s corrosion resistance. However, tempering at high temperature, can
form Cr carbides and deplete the matrix of Cr, minimizing the alloys corrosion resistance [24].
Although alloying elements can be used to adapt a steel’s mechanical properties, they add
complications to the Fe-C system. Therefore, alloy-specific research is often needed to optimize
the steel for specific applications or mechanical properties.
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Figure 4. Graph showing various alloying elements and their respective effect on hardenability of steel
between 0-2 wt. % as designed by [25].

2.4. Tempering and its Effect on Microstructures and Mechanical
Behavior
Once a steel is hardened, the component may not yet be fit for service. Hardening is
necessary to increases the steel’s strength; however, steel in a hardened condition remains
extremely brittle. Brittle behavior of as-hardened steel is attributed to internal stress and high
density if crystalline dislocations caused by the diffusionless martensitic phase transformation.
The crystallographic strain present in martensite increases the materials strength however in the
as-hardened condition the stored energy is deleterious. To maintain the strength and add ductility
to the material, the as-hardened steel is tempered. Tempering is a process of heating the steel to
an elevated temperature while remaining below the austenitizing temperature for a given length
of time. Tempering allows a controlled amount of diffusion to take place. Time and temperature
effect the amount of diffusion that occurs. As the tempering temperature increases, the steel will
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experience higher rates of diffusion and approach equilibrium more rapidly. Diffusion rate is
described by the Arrhenius equation and is proportional to the square of temperature [26].
The as-hardened microstructure of a eutectoid steel is dominated by lath-like martensite
with minor retained austenite [1, 2, 3]. The retained austenite is present as small bright regions
interfingered with the lath martensite. The lath martensite microstructure remains relatively
unchanged until the martensite is restructured into tempered martensite. As mentioned
previously, martensite is a metastable phase that is held out of equilibrium by the supersaturation
of alloying elements which were dissolved into the Fe-phase at higher temperature. In order to
reduce the extent of its brittle behavior, the lattice strain and dislocation density in the steel must
be reduced. After reducing the lattice strain and dislocation density in the steel, additional
tempering will cause martensite to precipitate Fe3C6 and form tempered martensite. Tempered
martensite is a BCC Fe-phase with globular cementite particles that were precipitated as its
crystal structure relaxed [1, 2, 3]. The change from BCT to BCC decreases the strength of the
steel (i.e., tempered martensite has lower strength than martensite) but improves the ductility of
the steel. Alloying elements change a steel’s tempering response. To tailor a steel for specific
applications, the tempering-microstructure-property relationships need to be understood.
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3. Research Objectives
Mechanical testing, fractography, microstructural analysis, and X-ray diffraction were
used to investigate Crucible Industries’ CPM® 3V steel to gain insight into the following:
1.

Impacts of tempering on mechanical properties and failure modes,

2.

Trends in the Fe-phase and the carbides present among the tempering treatment

groups (As-Hardened, 450°C, 550°C, 650°C, 700°C, and As-Received; see methods section),
3.

Relationships among process (tempering), mechanical properties, and

microstructure,
4.

CPM® 3V characteristics in comparison with other industrial steels.
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4. Methods and Materials
Crucible Industries produces several high alloy powder metallurgical tool steels including
CPM® 3V. CPM® 3V is a high alloy tool steel containing greater than 13% alloying
constituents. The carbon percent of CPM® 3V is reported by the manufacturer to be
approximately 0.8 wt.% C. The material was tested (using Arc/Spark OES, see methods) and
measured at 0.71 wt.% C. The C percent of this steel is very close to the eutectoid composition
making it a eutectoid high alloy steel [3, 4, 5] (see Figure 2). The balance of alloying elements in
CPM® 3V (Table I) and manufacturing process give CPM® 3V its microstructure and
subsequent mechanical performance.
Table I: Composition of CPM® 3V measured using Arc/Spark OES. CPM® 3V* represents manufacturers
nominal composition. H11, H13, 4140, 1080 compositions for tempering response comparison; compositions
from published literature [15, 27, 28, 29]
Balance
Steel alloy
C
Si
Mn
Cr
Mo
V
P
S
of Fe
CPM® 3V
0.71
0.84
0.38
7.81
1.32
2.53
0.0115
0.0138
86.38
CPM® 3V*

0.80

1.00

0.30

7.50

1.30

2.75

-

-

86.35

H11

0.40

0.90

-

5.00

1.30

0.50

0.0150

0.0150

91.87

H13

0.43

-

-

5.20

1.50

0.91

-

-

91.94

4140

0.43

0.19

0.90

0.98

0.18

-

<0.0350

<0.0500

97.24

1080

0.80

0.30

0.75

0.10

0.03

-

<0.0350

<0.0500

98.35

4.1.

Tensile Specimen Preparation

CPM® 3V round stock with a diameter of 0.64” was received in the annealed condition
from Hudson Tool Steel Corporation. ASTM E8 standard tensile test specimens were cut into
shape with the material unhardened; the annealed round stock was soft enough to use standard
tooling while being machined. The tensile samples were cut to dimensions specified by ASTM
E8: gauge diameter of 0.25” and gauge length 1.25” (e.g., ≥ 4 times the diameter; Figure 5) [30].
The ends of the samples were threaded with 5/8” x 11 thread to facilitate the set up for the MTS
Landmark Tensile Testing Machine. SAE (Society of Automotive Engineers) Grade 8 bolts and
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couplers were used to secure the samples in the jaws of the MTSI shown below. The bolts and
couplers were used to prevent the hardened CPM® 3V steel from deforming the jaws.

Figure 5. Drawing of the standard ASTM E8 tensile test specimen [30]. Highlighted areas show location of
XRD and microstructural samples.

4.2.

Preventing Oxidation and Pitting

The ASTM E8 specifications require tight tolerances (e.g., the gauge diameter tolerance
was ± 0.005 inches). Therefore, it was necessary to use an anti-scale coating to prevent oxidation
and pitting during the austenitization-treatment (1056°C) and tempering. Two different coatings
were tested for effectiveness prior to use: ATP-641 (manufactured by ATP Supply Company,
Inc.) and PBC anti-scaling compound (manufactured by Rose Mill). Three sacrificial 0.5”
sections of the 0.64” CPM® 3V round stock were cycled through the entire heat treatment using
the highest tempering temperature (700°C). The highest tempering temperature cycle was used
for this test to expose the test pieces to the most extreme temperatures of the heat treatment that
were likely to produce the highest rates of oxidation and scaling. One of the three sections was
uncoated while the other two sections were coated in one of the anti-scale compounds. The round
stock started the heat treatment with a diameter of 0.641”. After the test, the uncoated samples
lost 0.002-0.003” in diameter, the ATP-641 coated section lost 0.001”, and the PBC coated
section lost 0.008-0.010”. Overall, PBC anti-scaling coating had the most pitting and the greatest
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loss of material. (It is important to note that the PBC anti-scaling coating manufacturer does not
recommend using this product above about 890°C and the austenitization-treatment was
1056°C). As a result of this anti-scaling assessment, ATP-641 was the chosen to protect the
standard tensile test specimens during heat treatment.

4.3.

Heat Treatment

Tool steels typically have four steps in the total heat treatment process: 1) preheat, 2)
austenitization, 3) quench/harden, and 4) tempering [2]. In this study, there was a total of 11
samples. One sample was left as received in its untreated, annealed state (As-Received). All
other samples were preheated as the furnace heated up from room temperature to 800-840°C at a
rate of 10°C/min. Once the furnace reached this temperature, the samples was allowed to
equalize in the furnace for 20 minutes. The samples were taken from the pre-heat and placed
directly into the austenitizing furnace which was held at 1056°C. After the samples were placed
into the austenitizing furnace, the furnace was allowed to recover to 1056°C and the samples
were held at 1056°C for 30 minutes to ensure the sample was fully heated. CPM® 3V is an airhardening steel, so the tensile specimens were hardened in air at room temperature. A box fan
was used to improve the air convection around the samples. One sample was left in the
as-hardened condition (As-Hardened). The other hardened samples are diversified in the
tempering step (Figure 6).
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Figure 6. Flow chart of the heat treatment process. Green lines denote samples in their final condition.
Note that the treatments diversify during tempering step.

Once the tensile specimens were hardened, the PCB-641 anti-scaling coating was
reapplied and the nine remaining tensile specimens were tempered with variable temperatures.
The different tempering temperatures were set at 450°C (2 samples: 450A, 450B), 550°C (3
samples: 550A, 550B, 550C), 650°C (2 samples: 650A, 650B), and 700°C (2 samples: 750A,
750B). The samples were triple tempered (as recommended by the manufacturer). Each
specimen was put into a furnace at the tempering temperature and held at that temperature for
two hours. The samples were then removed from the furnace and set on a furnace block to cool.
The 550°C was chosen to be similar to the 540°C tempering data that is published on the
manufacturer’s website [4]. The 450°C and 650°C were chosen to bracket the recommended
tempering temperature by 100°C. The 700°C tempering temperature was chosen to maximize
tempering temperature without exceeding the approximate eutectoid temperature of a standard
Fe-C steel (726°C; Figure 2). After heat treatment, the samples were cleaned before being loaded
into the TMS Landmark for tensile testing (Figure 7).
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Figure 7. a.) 5/8 x 11 Grade 8 bolts and couplers used to hold threaded standard tensile test specimens
during tensile test. b.) Tensile specimen loaded into the MTS Landmark with the extensometer in place. c.)
Sample 650A immediately after tensile failure.

4.4.

Tensile Testing

Tensile testing was completed on all 11 standard tensile test specimens using an MTS
Landmark with a 55 kip load cell. Tensile testing occurred at room temperature. The tensile
specimens were threaded into the Grade 8 bolts and couplers and loaded into the MTS Landmark
(Figure 7b). The addition of the bolt and coupler set up in the MTS landmark gave rise to
concerns about inaccurate strain being measured by the head position. Therefore, an
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extensometer was used to reduce noise in the tensile data and to measure the strain only within
the gauge length (Figure 7b). The gauge length of the extensometer used was 1.143”. The
cross-head speed was a constant 0.05”/minute and the rate of strain was verified using
extensometer data. The test specimens were pulled until failure (Figure 7c). Fracture surfaces
were protected from time of break. Data collected during tensile testing from the load cell and
extensometer was recorded at 100 hertz (Hz) and reduced in Microsoft Excel to produce stressstrain curves.
Stress-strain curves were used to calculate the ultimate tensile strength (UTS), yield
strength (YS), elastic modulus (E), and tensile toughness. UTS was determined by finding the
point of maximum stress along the stress strain curve for each sample. YS was found using the
0.2% offset method [1]. E was calculated from the slope of the elastic portion of the stress strain
curve. Tensile toughness was calculated from area under the stress-strain curve. Overall, these
calculations were used to investigate differences in mechanical properties and tensile
performance among the various heat treatments.

4.5.

Fractography

After tensile testing was completed, macro- and micro-fractography was performed on
the fracture surfaces of the test specimens. Macro-fractography consisted of photographing the
fracture surface, noting necking (if present) and/or surface brightness, and photographing the
fracture surface. The fracture surfaces were removed from the samples using an Allied
PowerCut 10 wet saw and abrasive blade. The cut was made 0.25” from the fracture to ensure
that the fracture remained cool and was not restructured. Once the samples were cut, they were
sonicated in an acetone bath to remove any foreign objects. Micro-fractography was completed
using a Tescan Mira Scanning Electron Microscope (SEM) at Montana Technological University
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(MTech) with a working distance of 15 mm, acceleration voltage (HV) of 20 kV and
intensity (I) of 10. Observations of the fracture surface were used to identify the degree of
ductility and mode of failure through deformation and fracture features exhibited by the material
for each heat treatment.

4.6.

Microstructural and Elemental Analysis

Microstructural analysis was completed on the 0.5” diameter section of the test specimen
(Figure 5). The section was removed after tensile testing using an Allied PowerCut 10 wet saw
and abrasive blade. Sections were cut slowly to prevent heat build-up and potential
recrystallization. Once the sections were cut, they were mounted in phenolic pucks using a
LECO MX400 Series Hot Mounting Press; the hot mounting press has a peak mounting
temperature of 177°C (350°F) which is maintained for 3 minutes before the hot press cylinder
begins to cool. Neither the maximum temperature reached by the mounting press nor the time of
heating during mounting are sufficient to restructure the material. The sample was then polished
to a mirror finish and sonicated to remove any polishing alumina.
Samples were initially etched using Nital etchant. However, the Nital etchant only
enhanced carbide grain boundaries for the annealed (As-Received), 700°C, and 650°C samples.
The Nital failed to etch the 550°C, 450°C, and as-hardened (As-Hardened) samples. Therefore,
all samples were repolished and etched using Villella’s Reagent. The Villella’s Reagent
produced a consistent etch on all the various heat-treated samples.
Microstructural observations were made using a Leica inverted microscope DM ILM
with LASX software and the SEM at MTech. Microphotographs were taken with both the
reflected light microscope and the SEM. In addition to microphotography, energy dispersive Xray spectroscopy (EDS) point analysis was completed using an EDAX EDS detector on the
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SEM. SEM parameters were the same as those discussed previously (Fractography section).
Only qualitative estimates of the carbide composition were obtained due to the small carbide size
(< 4 µm).
In addition to point analyses, a bulk elemental analysis of the 3V steel was performed.
The bulk elemental analysis utilized an AMETEK, SPECTRO MAXx LMM07 Arc/Spark
Optical Emission Spectrometer (Arc/Spark OES). Prior to the analysis, calibration was
performed using a Spectro RH 18/56 standard. Bulk composition analysis was done on a section
of the original round stock in the as-received condition. Three Arc/Spark OES analyses were ran.
The average of the three runs is reported in Table I.

4.7.

X-Ray Diffraction

Crystallographic trends were investigated on the 0.25” diameter section of the gauge
length (Figure 5). The section was removed after tensile testing using an Allied TechCut 4
wafering saw with diamond blade. Sections were cut using the Allied TechCut 4 wafering saw to
avoid heat build-up and to improve sample-to-sample consistency. The sections were analyzed
using a Rigaku Ultima IV X-Ray diffractometer (X-ray diffraction; XRD). The X-ray source was
a cobalt tube with a Ka1 = 1.788996, Ka2 = 1.792835, and an Fe filter. The sample was placed on
a stationary stage and scans were done for 2θ = 20° to 140°. Peak matching and data reduction
were done using MDI Jade software. The volume of each phase present was not estimated using
the MDI Jade software because there was insufficient peak matching.

4.8.

Hardness Testing

Hardness was measured from the 0.5” cross sections of each sample used for the
microstructural analysis and the 0.25” cross section of each sample used in XRD analysis.
Hardness data was obtained using a Mitutoyo HR-400 Rockwell hardness testing machine. Three
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hardness measurements were taken and averaged to ensure representative measurements that
were within 2 HRC. Graphical comparison of the hardness measured at the 0.5”and 0.25” cross
sections was made to verify the different cross-sectional thicknesses had comparable cooling
history and microstructure.
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5. Results
Microstructural, fractographic, and compositional analysis was examined to explain the
similarities and differences in mechanical performance (tensile, hardness) of the various heat
treatments. The differences among the various heat treatments produces two broad groups: a low
temperature group (As-Hardened, 450°C, 550°C) and a high temperature group (650°C, 700°C,
As-Received). These groups will be discussed, along with discussing the samples in individual
heat treatment groups.

5.1.

Mechanical Behavior

The results for the tensile testing (Figure 8) and Rockwell hardness (HRC) are tabulated
in Table 2. Five basic mechanical parameters were used to describe the mechanical properties in
tensile performance: ultimate tensile strength (UTS), yield strength (YS), elastic modulus (E),
% elongation (% EL), and % reduction of area (% RA).

Figure 8. Stress-strain curves for all samples (550B excluded due to failed test).
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5.2.

Tensile Toughness

As mentioned previously, tensile toughness was calculated using the area under the
stress-strain curve formed during tensile testing. Tensile toughness is not equivalent to impact
toughness because there are testing differences in strain rate, loading condition, and test
specimen geometry. Although, K1C can also be calculated with tensile constants if specific
criteria are met [31], these conditions were not met in this study; therefore, impact toughness is
not discussed further. The As-Hardened sample had the lowest tensile toughness (Figure 9a).
This sample also had the least amount of plastic deformation as demonstrated by the limited
strain the sample experienced before failure (Figure 8). Conversely, the 700°C samples had the
highest tensile toughness with significantly higher strain experienced before failure (Figure 8).
Overall, the heat treatment groups ordered in increasing tensile toughness are: As-Hardened <
450°C < 550°C < 650°C < As-Received < 700°C. A bar graph of the tensile toughness
(normalized to the highest tensile toughness which was the average of the 700°C samples)
graphically compares the broad differences among heat treatment groups’ tensile behavior in
Figure 9a.
Table II: Results of the tensile test and Rockwell hardness (HRC). *AH: As-Hardened, AR: As-Received
Yield
Tensile
Avg.
Average Tensile
Spec
HRC
Max Stress
Stress
%
%
Toughness
Tensile
Toughness Normalized
ID
Hardness
(psi)
(psi)
RA
EL (in*lbf/in3) Toughness
to 700°C
AR*

17.8

106859

75722

50.6

17.8

18539

700A

32.2

146936

108279

42.7

14.2

20281

700B

32.2

150098

111018

40.9

14.2

20806

650A

34.1

166795

129450

38.0

10.1

16749

650B

34.8

158619

122275

24.1

11.6

17995

550A

58.6

331777

287413

20.4

5.0

17971

550C

59.6

322701

274159

7.8

3.0

11349

450A

60.4

324463

293472

1.6

0.8

4434

450B

60.0

303287

291059

0.8

0.2

2508

AH*

59.9

268103

201200

0.8

0.4

2206

18539

0.9

20544

1.0

17372

0.8

14660

0.7

3471

0.2

2206

0.1
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5.3.

Strength (UTS and YS)

Ultimate tensile strength (UTS) and yield strength (YS) were proportional to each other,
as can be seen in Figure 9b. The As-Hardened treatment has the lowest UTS and YS of the low
temperature group. There was an increase in UTS and YS from As-Hardened to 450°C to 550°C
(Table II). Between the 550°C and the 650°C tempering temperatures, there is more than a 50%
reduction in both UTS and YS. The low temperature group has higher UTS and YS than the high
temperature group. The overall strength response to tempering in increasing order is
As-Received < 700°C < 650°C < As-Hardened< 450°C < 550°C. This trend shows strength
increases with tempering temperature until a maximum of 550°C; both UTS and YS reduce
rapidly when tempered above 550°C (Figure 9b).

5.4.

Plasticity (%RA and %EL)

Two ways to quantify plastic response in tensile failure are percent reduction of area
(% RA) and elongation (% EL). Percent RA is a measurement of the reduction in cross-sectional
area at the fracture surface (necking; see macro-fractography section). Percent EL is the amount
of plastic elongation that a sample experiences compared to the initial length. It is proportional
to the plastic region of the stress-strain curve for each sample (Figure 8). The % RA and % EL
for each treatment are plotted in Figure 10a. The As-Hardened treatment had the lowest values
for both % RA and % EL. There was a slight increase in % RA and % EL at the 450°C
treatment. Above the 450°C tempering temperature, the degree of plasticity increased with
tempering temperature. The % RA shows a stronger response to increasing tempering
temperature than % EL. Moreover, when % EL is graphed against % RA, the slope of the line is
less than 1 (Figure 10b). However, the % RA has significantly more scatter in the results (Figure
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10). The % EL has very little scatter. Both measures of plasticity increased with increasing
temperature.

Figure 9. a.) Bar graph of tensile toughness averages normalized to 700°C treatment. Note: As-Hardened
and As-Received samples do not have error bars because only a single test was done for these conditions.
b.) Plot of Ultimate Tensile Strength (UTS) and Yield Strength (YS) vs. treatment.
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Figure 10. a.) Scatter plot showing both the % RA and % EL vs. treatment. b.) Scatter plot of % EL vs.
% RA that shows a strong positive correlation.
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5.5.

Hardness (HRC)

Hardness is the measure of a material’s resistance to plastic deformation. The
high-temperature treatments have a much lower hardness than the low-temperature treatments
(≤ 30 HRC for high temperature vs ≥ 58 HRC for low temperature; Table 2). The hardness of the
low temperature group was very constrained – only varying 1.8 HRC (~3% of total hardness)
among the low temperature treatments. There was a significant drop (almost 50%) in hardness at
the 650°C treatment. Hardness continued to decrease with increased temperature, albeit at a
slower rate than the drop from 550°C to 650°C. The hardness of the samples in increasing order
of hardness is As-Received < 700°C < 650°C < 550°C < As-Hardened < 450°C.

5.6.

XRD and Microstructural Sample Equivalence

The portions of the sample used in the microstructural observations and those used for
XRD were taken from different areas within the standard tensile test specimen (Figure 5). To
ensure that both slices were representative of the overall specimen’s microstructure, the hardness
of each section was compared. The cross-sectional diameter of the microstructure slice was 0.50”
whereas the XRD section was taken from the 0.25” gauge length. Differences in hardness
between the 0.25” and 0.50” diameter sections would indicate significant change in the cooling
rate and subsequent microstructure.
The hardness of the 0.5” and 0.25” slices are in good agreement with each other (Figure
11). There is a small difference in the hardness of the two slices for the As-Hardened treatment.
This is likely due to slightly higher cooling rate of the gauge length. The hardness of the two
slices for each of the samples converge once they were tempered. This suggests that the
microstructural variability along the test specimen was reduced during tempering. The
As-Received treatment shows the largest difference in hardness values. The 0.25” XRD sample

27
may have higher hardness because of strain hardening during the plastic region of the stress stain
curve (Figure 8). Since the XRD slice is taken from within the gauge length that experiences the
strain during tensile testing, this could have impacted the hardness. Overall, the hardness of the
two sample locations had good agreement and were considered microstructurally equivalent.

Figure 11. Comparison plot of the hardness of the 0.5" samples and the 0.25" XRD samples (see Figure 5).

5.7.

Fractography

5.7.1. Macro-fractography
Following tensile testing, the degree of necking was visible with the naked eye (Figure
12). Necking is completely absent or very mild in most of the lower temperature treatments
(As-Hardened, 450°C, and 550°C samples). Necking became pronounced in the high
temperature samples (650°C, 700°C, and As-Received samples). However, one 550°C sample
(550A) showed necking while 550B and 550C did not show necking.
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Figure 12. Compiled images of the fractured tensile specimens comparing the degree of necking at each
treatment.

The fracture surfaces, using the SEM secondary electron imaging, show a similar change
from brittle to ductile behavior between the 550°C and 650°C samples. The fracture geometry of
the As-Hardened and 450°C samples are fairly flat with no significant shear lip (Figure 13).
There is conchoidal fracture in 450A. Conversely, the fracture surface of the As-Hardened and
450B have a grainy appearance on the surface likely due to the intergranular mode of fracture.
The 550°C samples show a mixture of ductile and brittle behavior: 550A and 550C have shear
lips while 550B does not have a significant shear zone. Additionally, the fracture surface of
550B is partially conchoidal indicating that the failure mode was brittle. Prominent shear zones
are seen on 650A, 650B, 700A, 700B, and As-Received (Figure 13). Therefore,
tempering ≥ 650°C results in greater ductility during failure than in the lower temperature
treatments.
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Figure 13. Fractographic SEM secondary electron image taken in wide field view.
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5.7.2. Crack Initiation
The crack initiation sites were investigated to see if there were deleterious phases that
may have incited premature cracking. Evidence of contamination in the region of the crack
initiation was seen only in the 700°C treatment. At the apex of the fracture in 700A there is a
single egg-shaped inclusion ~20 µm in diameter (Figure 14). A similar inclusion was found in
700B; the 700B inclusion was smaller, but of comparable composition. The inclusions were
enriched in Ca, Si, Al, and O. The likely source of the elements found in this phase is slag
present during manufacturing of the pre-alloyed metal powder. Although the 700°C treatments
have contamination at crack initiation sites, it appears this did not affect the overall 700°C
mechanical behavior and is not discussed further. All other treatments had no evidence of
irregular phases/defects that would have influenced premature crack initiation.

Figure 14. BSE images of crack initiation zones of 700A and 700B. Reported composition is from 700A.
700B inclusion was of similar composition. Red circle 20 µm across for reference.
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5.7.3. Micro-fractography
Micro-fractography of the low temperature samples are dominated by brittle features. The
low temperature samples are shown in Figure 15. The fracture surface of the As-Hardened,
450A, 450B, 550B, and 550C samples are dominated by small planar regions that appear to be
separated by nearly vertical changes in height (Figure 15). However, the 550A sample shows a
slightly more ductile fracture mode with dimpling seen in the fractography. These dimples are
separated by nearly vertical cliffs. The vertical rises in the fractography are presumably marking
grains, but the surface of the grains is textured in a honeycomb pattern of ductile dimples and
ridges.
The higher temperature treatments have more ductile features than the low temperature
treatments. Samples 650A, 650B, and 700A are dominated by ductile dimples and ridges (Figure
16). Similarly, the fracture surface of 700B has ductile dimples and ridges on the primary surface
of the fracture; however, these regions are being separated by crevices that are opening between
the ductile regions. Although all the high temperature treatments exhibit ductile features, the
differences in the ductility among the samples is difficult to order based on the fractographs
alone. Overall, micro-fractography elucidates a well-defined change from brittle to ductile
behavior between 550°C and 650°C tempering temperature.

32

Figure 15. Fractographs of the low-temperature treatments. Images taken using SEM secondary electron
all images have the same scale.
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Figure 16. Fractographs of the high-temperature treatments. Images taken using SEM secondary electron
all images have the same scale.
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5.8.

Microstructure

The samples had a variety of Fe-phases and carbides including:
1. As-quenched martensite (partially tempered at 450°C and 550°C) and primary
carbides; or
2. As-quenched martensite, tempered martensite, primary carbides, and secondary
carbides; or
3. Alpha-ferrite and mixed carbides.
The primary carbides were 1-4 µm and consistent in all treatment levels.
The As-Hardened sample’s microstructure is dominated by lath-like, as-quenched
martensite with dispersed primary carbides (Figure 17). The 450°C and 550°C treatments are
microstructurally similar to the As-Hardened sample. The appearance of the As-Hardened to
450°C to 550°C, becomes darker and more uniform. This uniformity of the microstructure is the
result of increased diffusion in the partially-tempered, lath-like, as-quenched martensite.
Tempered martensite (textured regions in the reflected light 650°C and 700°C
microstructure) becomes apparent in tempering temperatures ≥ 650°C (Figure 18). Secondary
carbides are present bordering the tempered martensite grains. These secondary carbides are the
very fine-grained, bright phases that are in the low regions between the martensite and tempered
martensite in the SEM microstructure images (Figure 18 650B, 750A, As-Received; Figure 19).
Based on the texture, morphology, location, and brightness of these fine-grained phases they are
likely Fe-Cr-carbides [19, 24]. These secondary carbides were much smaller and were not
measured directly but appear to be ≤ 0.1µm. The 550°C samples show limited bright regions in
the reflected light microstructure (Figure 17), which may be suggestive of the tempered
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martensite. However, the secondary carbides were not present in the SEM microstructures of the
550°C treatment (Figure 18).
Alpha-ferrite is the dominant phase in the As-Received sample. Mixed carbides are
dispersed throughout the sample (Figure 17 and 18). Some carbides appear to trace α-ferrite
grain boundaries (Figure 17). In the reflected light image (Figure 17 As-Received), the α-ferrite
is a featureless matrix with intermittent grain boundary relief. The secondary electron image
reveals bright white carbides are enhancing the α-ferrite grain boundaries (Figure 18). The
spheroidal dark carbides in Figure 17 are more sporadic – appearing at both grain boundaries and
within α-ferrite grains. Some α-ferrite grains appear to have a mottled surface in the SEM
secondary electron image suggesting it may contain a heterogeneous composition (Figure 18).
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Figure 17. Reflected light microscopy of each treatment level scale is the same for all images. As-Hardened
matrix of as-quenched martensite with dispersed carbides, previous austenite grain boundaries visible in
some regions. 450B martensite matrix with dispersed carbides. 550A martensite matrix with dispersed
carbides. 650A matrix is a mixture of lath-like martensite and tempered martensite, dispersed carbides
throughout. 700A has a greater abundance of the restructured tempered martensite that can be seen with
mixed regions of lath like tempered martensite, dispersed carbides throughout. As-Received matrix of
ferrite with some grain boundaries observable, dispersed carbides throughout.
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Figure 18. Comparison of SEM microstructure taken using back-scatter electron imaging. As Hardened,
450B and 550A matrix of as-quenched martensite with dispersed carbides. The 650B and 700A matrix is a
mixture of lath-like martensite and regions of restructured tempered martensite containing very fine
bright particles (likely secondary carbides). Dispersed carbides throughout the matrix. As-Received has a
matrix of α-ferrite with some grain boundaries observable. Dispersed carbides throughout. Note that the
fine-grained phase is brighter in 700A and is less obvious, but present in 650A (see Figure 19).
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Figure 19. Larger photo of 650A same as seen in Figure 18. Phases are labeled for reference.

5.9.

Crystallographic Identification of Phases

Crystallography was investigated using XRD to identify phases present in each of the
CPM® 3V treatments. The only carbide phase identified using XRD was a cubic vanadiumcarbide (VC). Broad peaks in the XRD spectra, marked by red circles in Figure 20, were
recognized by the MDI Jade software. However, these peaks were extremely low intensity and
diffuse resulting in an inability to accurately identify a specific crystallographic phase. These low
intensity peaks are likely other primary carbide phases.
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Although it was not possible to identify the mixed carbides using XRD, there are changes
in the shape of the XRD iron peaks in the different heat-treated samples. The As-Hardened,
450°C, and 550°C treatments have nearly identical peak intensity (Figure 20). However, the peak
width decreases as the tempering temperature of the sample increases. The Fe peaks in the 650°C
and 700°C treatments have a higher intensity than the low temperature treatments. Narrowing of
peak width and increase in intensity indicates that the crystal lattice of the Fe-phase has become
more symmetrical and less strained. This is most noticeable between the 550°C and 650°C
samples.

Figure 20. Offset plot of the XRD fractogram at each level of the treatment. Crystallographic peaks were
identified by MDI Jade software.
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5.10. Compositional Point Analysis
The composition of the primary spheroidal carbides was investigated to identify the
carbides that are present. The precise composition of the carbides could not be measured due to
the their small size. The volume of material that is excited by the electron beam during the EDS
analysis is approximately the same size as the carbides. The depth of penetration of the beam can
be found using Equation 1:
𝑅𝑅(µ𝑚𝑚) =

0.0276 ∗ 𝐴𝐴 ∗ 𝐸𝐸𝑜𝑜1.35
𝑧𝑧 0.89 ∗ 𝜌𝜌

(1)

where R is the depth of penetration (µm), A is the atomic weight (gram/mole), Eo is
acceleration voltage in kV, z is the atomic number, and ρ is material density in g/cm3 [32].
For pure iron and carbon, the depth of penetration is 0.61 and 1.69 µm at 20 keV
respectively. It is not possible to ensure that only a single phase is being analyzed, but the
penetration depth calculated for pure phases gives insight into the magnitude of the EDS
interaction volume. The carbides are ~1-4 µm; therefore, it is likely that some of the iron phase
in the matrix is analyzed as part of the point analysis. The extent or volume of iron phase
included in the point analysis is not clear. Furthermore, the addition of some of the matrix in the
point analysis make it impossible to know the concentration of Fe in the carbide phases, only that
the Fe is depleted in the carbide relative to the matrix. As a result of this difficulty, the
composition of the carbides will be presented qualitatively as being enriched in specific alloying
elements relative to the iron matrix. The addition of Fe in some of the carbides will be
considered in the discussion but not the following results.
A representative selection of carbides from each specimen were analyzed with EDS. As
expected, carbides with lower concentrations of carbon were generally brighter in the backscatter
electron (BSE) imaging due to their higher concentrations of heavier elements (V, Cr, Mn, Mo).
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However, the geometry of the surface to carbide interface had a large impact on the apparent
brightness of the carbide. For example, if a carbide was in a pit, it appeared darker. Carbides
with varying brightness were analyzed to ensure that different compositions were measured. In
general, all the tempered samples except the 450°C treatments had similar EDS results. The
As-Hardened samples is representative of both the As-Hardened and 450°C treatments.
Therefore, a representative tempered sample (550C) is discussed with the As-Hardened and
As-Received EDS data. Sample data from 450°C, 650°C, and 700°C can be found in appendix
A.
5.10.1. Composition of the Iron Phase
The two main elements in the iron phase were Fe and Cr for all samples, regardless of the
iron phase being martensite, tempered martensite, or α-ferrite (Figure 21, 24, 27). The AsHardened sample has 85.4 wt.% Fe and 6.9 wt.% Cr in the martensite (Figure 21b). The 550C
analysis has 85.1 wt.% Fe and 7.1 wt.% Cr in the tempered martensite (Figure 27b). The AsReceived has 87.5–87.9 wt.% Fe and 5.3–6.3 wt.% Cr in the α-ferrite (Figure 27b, 28a). Other
elements (V, Si, C, Mo) in the Fe-phase generally appear to be highest in the As-Hardened
sample and lowest in the As-Received sample, with the tempered samples in the middle.
However, the differences in the concentrations of the elements are small and the error large,
making deciphering trends uncertain. Overall, Fe seems to slightly increase, while all non-Fe
elements decrease, with increasing temperature. More research is needed to constrain the
changes in composition of the iron phase with temperature.
5.10.2. Composition of Carbides
The As-Hardened sample contains three primary carbide compositions. The composition
of the carbide analyzed in spot 2 and 3 in Figure 21a is shown in Figure 22a and 22b,
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respectively. This is the darkest carbide in the As-Hardened sample. It contains an approximately
1:1 atomic ratio of V and C (Figure 22). Based on this V:C ratio, spot 2 and 3 are likely VCs.
Both the VCs have a slight enrichment in Mo. The composition of the carbide analyzed in spot 4
(Figure 23a) is approximately the same color in the BSE image as the background martensite.
This carbide is enriched in Cr, V, and Mo. This carbide has a C content that is approximately
30 atomic %. The brightest carbide in the As-Hardened sample is spot 5 (Figure 21a, 23b). This
carbide is Cr-rich. All other alloy elements are depleted in this carbide relative to the matrix.
Spot 5 also has remarkably low carbon content.
Similar to the As-Hardened sample, the 550C sample (Figure 24-26) has three primary
carbide compositions that are observed. Spot #2 (Figure 25a) is a carbide enriched in V and Mo.
This carbide is high in C. It has a metal:carbon (M:C) atomic ratio that is nearly 1:1. This is
likely a VC carbide, as seen in the As-Hardened sample. The next two spot analyses
(Figure 25b, 26a; spot #3 and #4) are carbides enriched in Cr, V, and Mo. The brightest carbide
(Figure 26b; spot #5) is very small and shows only minor enrichment of the alloying elements. It
is likely this spot analysis is measuring a significant amount of the Fe phase within the
interaction volume. Although the color of the carbides in BSE images can be misleading due to
changes in the contrast settings on the SEM, there generally appears to be more intermediate
grey carbides and slightly brighter primary carbides in the ≥ 550°C tempered samples (Figure
24a).
The carbides in the 550C sample are representative of the 650°C and 700°C samples.
However, the 650°C and 700°C samples had slightly larger primary carbide size. Additionally,
the 650°C and 700°C samples also had secondary carbides (fine-grained bright spots mentioned
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in microstructure section previously) precipitating out of the martensite phase. These spots were
too small for EDS analysis.
The As-Received sample has the same three primary spheroidal carbides as the
As-Hardened and 550C sample (e.g., dark-grey carbides, medium-grey carbides, and small bright
carbides in BSE images) along with a bright carbide phase along the α-ferrite grain (Figure 27a).
The dark carbides (e.g., spot #3 in Figure 27a and Figure 28b) have a V:C atomic ratios of 1:1
that are similar to the VC in the As-Hardened and 550C EDS analyses. Spot #4 shows a
composition that is mostly enriched in V but does not have a 1:1 V:C ratio (Figure 29a). The C
atomic % is much higher than the V. This analysis also contains significant Cr. Spot # 5 of the
As-Received sample (Figure 29b) is a bright carbide which is representative of the bright
carbides that are abundant at the grain boundaries. It is enriched in all alloying elements
compared to the α-ferrite matrix except Si. The enriched alloying elements in decreasing order is
Cr, V, Mo, and Mn totaling 15.5 atomic % with 9.4 atomic % of C. The bright secondary
carbides were not seen in the As-Hardened and 550C sample. However, it is possible that the
As-Received bright carbides may be related to the bright secondary carbides in the 650°C and
700°C samples that were too small to analyze.
In summary of the carbides, the EDS analysis revealed three primary carbide phases that
were common to all samples:
1. dark carbides in BSE images that have M:C ratios of 1:1 and are dominantly
enriched in V with lesser Mo,
2. intermediate grey carbides in BSE images that have significant Cr enrichment,
3. bright carbides in BSE images have the lowest C atomic % compared to all other
carbides.
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There was no significant change between As-Hardened and 450°C treatments. At
tempering temperature ≥ 550°C, the overall sizes of primary carbides visually appeared larger
with increasing tempering temperature. However, sizes of carbides were extremely variable, and
this size increase was not possible to quantify. At temperatures ≥ 650°C, secondary bright
carbides appear with the tempered martensite. Finally, the As-Received sample had a much
greater abundance of carbides, specifically the bright carbides at grain boundaries.
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Figure 21. a.) 5000x SEM BSE image of the As-Hardened sample. Red circles correspond to EDS spectra.
b.) EDS spectra analysis for spot #1.
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Figure 22. a.) EDS spectra analysis for spot #2. b.) EDS spectra analysis for spot #3.
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Figure 23. a.) EDS spectra analysis for spot #4. b.) EDS spectra analysis for spot #5.
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Figure 24. a.) 5000X SEM BSE image of sample 550C. Red circles correspond to the EDS spectra. b.) EDS
spectra analysis for spot #1.
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Figure 25. a.) EDS spectra analysis for spot #2. b.) EDS spectra analysis of spot #3.
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Figure 26. a.) EDS spectra analysis of spot #4. b.) EDS spectra analysis of spot #5.
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Figure 27. a.) 5000X SEM BSE image of the As-Received sample. Red circles correspond to the EDS
spectra. b.) EDS spectra analysis for spot #1.
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Figure 28. a.) EDS spectra analysis for spot #2. b.) EDS spectra analysis of spot #3.
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Figure 29. a.) EDS spectra analysis of spot #4. b.) EDS spectra analysis of spot #5.
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6. Discussion
The main goal of this study was to establish the trends in the mechanical behavior for
different tempering temperatures of CPM® 3V and their connection to the observed
microstructures. To describe these relationships, the trends in the Fe-phase, carbides, and
microstructures will be discussed first. Then, the mechanical behavior will be discussed in
connection to the microstructures and the structure that produced the change in mechanical
behavior. Finally, the heat treatment response will be compared to other previously established
industry steels and suggestions will be made regarding the optimization of CPM® 3V as a tool
steel.

6.1.

Phases

6.1.1. Fe-phase
In CPM® 3V steel, the bulk of the material is the Fe-phase (matrix). Thus, the changes in
the Fe-phase are important for understanding the response the steel has to various tempering
treatments. There is a consistent trend in both the crystallography (XRD) and the microstructural
textures in which both show a modification in the Fe-phase at tempering temperatures above
550°C. The XRD Fe peaks sharpen (Figure 20) and tempered martensite and secondary carbides
appear in the microstructure at the 650°C, 700°C, and As-Received (Figure 17 and 18). The alloy
elements dissolved in the Fe-phase were expected to decrease with the increase in tempering
temperature. In this study, a robust relationship was difficult to ascertain. However, there is an
apparent decrease in the concentration of C and Cr when tempered at 550°C or above (Figure
30). The EDS data has significant error, and this error may be obscuring consistent trends,
particularly in the lower temperature samples. The absolute value of the C measured by EDS is
not accurate because the sample is known to have < 0.8 wt.% C; therefore, the C-depleted
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Fe-matrix should have a C concentration of 0.8 wt.% C at a maximum. However, it is possible
that the apparent decrease in C and Cr and the increase in Fe represent diffusion of C and Cr out
of the Fe-phase during the precipitation of secondary M23C6, Cr-carbides [19, 24].

Figure 30. Graph showing the trend of the matrix composition in wt.% alloy elements vs. treatments.

6.1.2. Carbides
As stated in the microstructure results section, the primary carbides did not show notable
differences among the heat treatments. There were three consistent primary carbides observed
throughout all the samples based on BSE color and approximate EDS composition. The
V-enriched carbides, which were identified with XRD, were likely the dark, V-enriched carbides
that had a 1:1 metal:carbon ratio in EDS. The carbides are interpreted to be VCs. VCs are
primary carbides which are commonly used to increase wear resistance in steel due to their high
hardness [20, 23, 33]. Due to the limited crystallographic data on the carbides (e.g., VC was the
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only carbide identified in XRD), the other two primary carbides are conjectured based on the
approximate M:C ratio from the EDS data and on literature that discusses the propensity of
alloying elements to form different carbide crystal structures.
Li et al. [34] and Bhadeshia et al. [19] found that tempered Cr-rich tool steels form two
common Cr-carbides: M7C3 and M23C6. Generally, Cr-rich M7C3 carbides form prior to the
M23C6 carbides. Thus, the primary carbide that is enriched in Cr (intermediate color in BSE) is
expected to be M7C3 carbides. The smaller secondary carbides that appear in the 650°C and
700°C treatments may be the M23C6 Cr carbides. Candelaria [35] and Neto [24] found that the
formation of secondary Cr carbides decreases the corrosion resistance of the Fe-matrix in Cr-rich
steels when tempered above 500°C. Serendipitously, the 650°C and 700°C samples etched with
the weaker, Nital Etchant. This may be additional evidence that the small, secondary carbides in
650°C and 700°C samples are Cr-rich secondary carbides that overall decreased the
concentration of Cr in the Fe-phase when they precipitated.
The brightest carbide that was present throughout the treatments was difficult to identify
because they were enriched in multiple alloy elements, and the dominant alloy element varied
among the bright carbides. In general, the bright carbides had a low metal:carbon ratio
suggesting they may be M3C or M6C carbides [23, 33]. However, the bright primary carbides are
not present in a large volume fraction and therefore, they likely did not impact the mechanical
properties.

6.2.

Mechanical Behavior

6.2.1. Tensile Toughness
One of the exceptional properties of CPM® 3V steel is its toughness. The substantial
increase in toughness between the 450°C and 550°C tempering temperature indicates that
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≥ 550°C tempering is desired for toughness. The 550°C treatments have comparable tensile
toughness values with the 650°C treatments. However, the stress-strain curves indicate very
different tensile behavior (Figure 8). The 550°C samples experiences double the stress and half
the total strain compared to the 650°C samples. Therefore, the 550°C tempering is advantageous
for applications that require high strength while still exhibiting the upper limits of toughness for
CPM® 3V (Figure 9a). The 700°C treatment had the highest tensile toughness. This high
toughness value is the result of the material having some strength while still absorbing
significant strain within the plastic region of the stress-strain curve. Overall, a tempering
temperature between 550-700°C optimizes CPM® 3V for toughness. Further optimization is
dependent on other application-specific parameters.
6.2.2. Estimated UTS
UTS can be calculated using measured hardness. If the UTS-hardness relationship is
known, estimating UTS from hardness is often significantly less expensive and more expedient
compared to tensile testing. For steel and cast Fe-alloys, UTS can be calculated from hardness
using equation 2:
𝑈𝑈𝑈𝑈𝑈𝑈(𝑃𝑃𝑃𝑃𝑃𝑃) = 500 × 𝐻𝐻𝐻𝐻

(2)

where UTS is ultimate tensile strength (PSI) and HB is Brinell hardness. Although there is not a
direct conversion from HRC to Brinell hardness (HB), it is possible to convert them with
empirically derived formulas and/or conversion table [1]. These conversion methods are material
specific. However, steel has a well-established relationship between HRC and HB. It is possible
to convert HRC to HB using the equations seen in appendix B. The converted HRC to HB values
can be seen in Table III.
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Table III. HRC to HB conversion and comparison of estimated UTS (E-UTS) with measured UTS for heattreated samples.

Sample
As-Hardened
450A
450B
550A
550C
650A
650B
700A
700B
As-Received

HRC
61.0
59.9
60.0
60.4
58.6
34.8
34.1
32.2
32.2
17.8

HB
670
651
653
661
626
325
319
304
304
214

E-UTS(psi)
335102
325579
326540
330383
313091
162644
159720
151782
151782
107219

E-UTS average (psi)
335102
326060
321737
161182
151782
107219

Measured UTS (psi)
268103
303287
324463
331777
322701
158619
166795
150098
146936
106859

Figure 31 graphs the measured UTS with the estimated UTS from Equation 2. There is
some scatter in the measured UTS values in reference to the estimated UTS line. For example,
the As-Hardened sample did not perform as estimated by the UTS-hardness relationship.
Additionally, since the hardness of the material changes little between the As-Hardened and
550°C samples, the estimated UTS did not change between the As-Hardened and 550°C samples.
However, in those same heat treatments, the measured UTS increases consistently to a maximum
at 550°C. The 650°C, 700°C, and As-Received estimated UTS match excellently with the
measured UTS.

59

Figure 31. Graph showing the estimated UTS using equation 2 and the hardness for the As-Hardened, 450,
550, 650, 700, and As-Received treatments. The calculated UTS marked by diamonds are connected with a
line to better distinguish the estimated and measured UTS. Measured UTS are shown by blue circles.

Overall, the calculated UTS correctly estimated the measured UTS for all heat treatments
except the As-Hardened sample. Hardened, untempered steel is known to have unreliable
mechanical properties because internal stress is stored within the steel’s structure caused by the
martensitic phase transformation. The added internal stress in the As-Hardened sample could
have translated to premature failure and underperformance relative to the estimated UTS. As the
steel was tempered, dislocations and internal stress were reduced producing better agreement in
estimated and measured strength. Another possible reason for the As-Hardened sample
measuring lower UTS than calculated is retained austenite within the sample. Deteriorated high
strength performance due to retained austenite has been shown for H11 [3]. This is discussed
further in the “Optimizing CPM® 3V as a Tool Steel” section.
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6.3.

Relationship of Process, Microstructure, and Mechanical Behavior

The process (e.g., tempering) by which a steel is treated drives the microstructures which
form in the steel and ultimately controls the mechanical behavior of the steel. To highlight how
microstructure affected the mechanical behavior in CPM® 3V, the strength, degree of ductility,
microstructural, and fractography trends are summarized together. Before this discussion, it is
important to be aware of the inverse relationship between strength and ductility. In this study, the
exceptions to the inverse strength-ductility relationship are the As-Hardened, 450°C, and 550°C
treatments. Throughout these low temperature treatments, both the ductility and the strength
appear to increase together with temperature. This behavior is likely caused by partial tempering
at low temperature samples. This partial tempering likely reduces the stored internal stress and
the dislocation density in the steel following the austenite to martensite phase transition during
tempering. As the internal stress and dislocation density decreases, the material becomes more
ductile and is able to withstand a higher level of stress. Above 550°C, the internal stress is likely
completely released. Therefore, the > 550°C treatments have strength that decreases as ductility
increased.
Pronounced changes in microstructure/phases, crystallography, and mechanical behavior
are seen between the 550°C and 650°C treatments. The higher strength treatments (As-Hardened,
450°C, and 550°C samples) had microstructures that were dominated by as quenched, lath-like
martensite. At 650°C, the first apparent tempered martensite is seen. Additionally, the very finegrained bright secondary carbides (potentially Cr-rich M23C6 carbides) appear. The mechanical
strength is reduced and there is an increase in crystalline order seen in the sharpening of the Fe
peak measured by XRD in the 650°C samples. Overall, the loss of tetragonality as martensite
goes to tempered martensite and the precipitation of carbides which lower the alloy elements
dissolved into the matrix would both reduce stored energy (strain) in the lattice of the Fe matrix
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[19, 36]. This strain reduction in the lattice would allow dislocations to move more easily and
lead to increased ductility [2]. This is consistent with the more ductile failure observed in the
high temperature samples (≥ 650°C).
The dominantly elastic strain the low temperature treatments exhibited in their stressstrain curve is consistent with the more brittle features observed in fractography. The ≤ 450°C
samples only having brittle features in the fractography and have stress-strain curves that are
dominated by elastic strain. There is a mixture of brittle and ductile features in the ≥ 550°C
treatments. These treatments have flat, faceted features on the primary fracture surface while still
having a shear lip; this indicates some cup-and-cone geometry diagnostic of ductility during
failure (Figure 13). Consistent with the fractography, the 550°C treatments experienced
significant elastic strain but failed once experiencing some degree of plastic strain. The slight
increase in ductility at 550°C may be due to small regions in the martensite matrix beginning to
form tempered martensite.
Higher ductility is seen in the high temperature treatments (650°C, 700°C, and
As-Received) compared to the low temperature treatments (As-Hardened, 450°C, and 550°C).
All of the high temperature fractography shows significant necking on the standard test
specimens (Figure 12) as well as prominent shear lips indicative of cup-and-cone fracture
geometry. Likewise, all the high temperature stress-strain curves show large plastic regions in
their curve. The 700°C sample stands out in Figure 15 due to the presence of shallow fractures
opening on the fractography. Traditionally, cracking with this appearance is considered a brittle
behavior. However, the 700°C sample displayed exceptional toughness and a combination of
strength and ductility in the tensile testing. It is possible that the cracks in this sample’s
fractography are the result of material strain hardening during testing and therefore, didn’t form
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until near the final deformation. Overall, the ductile behavior of the high temperature samples
can be correlated to the presence of the tempered martensite in their microstructure.

6.4.

Optimizing CPM® 3V As a Tool Steel

6.4.1. CPM® 3V Mechanical Behavior Comparison with other Tool Steels
Prior to optimizing CPM® 3V for new applications, it is useful to understand the
similarities and differences in tempering response CPM® 3V steel has relative to commonly
used steels. Figure 32 is a graph of CPM® 3V hardness response to variable tempering
temperature compared to the tempering response of H11, 1080, and 4140 in the same
temperature range. Compositions are listed in Table I. The 1080 steel is a plain carbon steel that
contains similar concentrations of carbon as CPM® 3V but does not have any additional alloy
elements. The hardness of 1080 decreases from 200–650°C (Figure 32); there is a pronounced
dip in hardness above 300°C. The 4140 steel has a similar decrease in hardness with tempering
temperature; however, the slope is more constant and doesn’t have the pronounced dip above
300°C. Additionally, the minimum hardness of 4140 is lower than that of 1080. H11 shows very
different hardness-temperatures trends from 1080 and 4140. At low tempering temperature
(between 100°C and ~350°C), there is only a very slight decrease in hardness. A secondary
hardening response is seen in H11 between 400°C and 550°C before the alloy shows a
precipitous drop in hardness between 550°C and 650°C. In CPM® 3V, the hardness values at
each treatment produce a curve that is very similar to that of H11 (Figure 32). The similarities in
the tempering response between CPM® 3V and H11 suggests that their microstructure and
mechanical behavior may also be similar within this temperature range.
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Figure 32. Comparison of HRC vs. tempering temperature response of CPM® 3V, H11, 4140, and 1080
steels. CPM® 3V hardness data is from this study; H11, 4140, 1080 hardness data is from [2].

Hardness values can be predictive of other mechanical properties in steels. This was seen
in the estimated UTS discussion previously. In the comparative analysis of Figure 32, it is clear
that H11 has the tempering response most similar to CPM® 3V. Exploiting this observation,
CPM® 3V can be optimized further by refining the heat treatment strategies that have been
developed for H11 with the results from this study.
However, it is important to note that there are sections of the CPM® 3V tempering
response curve that currently do not have data and may not match H11. For example, the dip in
hardness between 100°C and 350°C. CPM® 3V was not tempered at temperatures < 450°C so it
is not possible to know if there is a similar secondary hardening that would be seen in CPM®
3V. However, it is common for high-speed tool steels to retain significant amounts of austenite
in the as-hardened microstructure. During low temperature tempering, the amount of retained
austenite will be reduced, subsequently increasing hardness. This process typically requires
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multiple tempering treatments in H11 [27]. As a similar tool steel, CPM® 3V may behave
similarly. Possible evidence supporting retained austenite in CPM® 3V, is the change in slope of
the As-Hardened stress-strain curve at ~150 ksi compared to the 450°C and 550°C stress-strain
curves. This change in slope could be caused by non-uniform yielding in the material due to
weaker retained austenite. However, additional phase identification and tensile testing would be
needed for confirmation.
6.4.2. Optimizing CPM® 3V for Toughness
From the data in this study, it is possible to optimize CPM® 3V for high strength
applications. In application, the HRC of CPM® 3V does not change significantly during
tempering between As-Hardened and 550°C. Additionally, the primary carbide distribution did
not appear to change throughout all the treatments and therefore, the wear resistance of
CPM® 3V should be proportional to the hardness of the matrix [22, 37]. This would not be true
of there was significant differences in the carbide abundances throughout the treatments; it
would require a more rigorous analysis of the wear resistance. The 550°C tempering treatment
produces a hardness that is equivalent to the low-temperature treatments and a toughness that is
comparable to the 650°C tempering treatment. Due to the overall similar hardness among the low
temperature treatments and the greatly increased ductility of the 550°C treatment relative to the
450°C treatment, it is undesirable to temper below 550°C. This is consistent with Hudson Tool
Supply’s recommendation to not temper CPM® 3V below 510°C [5]. Overall, the 550°C
tempering treatment produces the greatest combination of strength with some ductility that
would be useful for cutting applications, such as pelleting blades or industrial knives.
Although impact toughness was not within the scope of this study, it may be possible to
infer optimization strategies for high toughness applications from the tensile toughness results.
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Tempering above 550°C may be desired if there is need for greater ductility. For example, if the
toughness of CPM® 3V was the primary concern, the 700°C tempering treatment may be desired
since it exhibited the maximum tensile toughness. A Charpy test on CPM® 3V would better
constrain toughness optimization, specifically for applications where impacts are common.
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7. Conclusions
The tempering response of CPM® 3V was investigated through the following tempering
temperatures: As-Hardened (no tempering), 450°C, 550°C, 650°C, 700°C, and As-Received
(fully annealed). Tensile testing, hardness testing, reflected light microscopy, SEM microscopy,
XRD crystallographic analysis, and EDS elemental analysis were exploited to characterize the
tempering, microstructure, and property relationship in CPM® 3V. The following conclusions
were found:
1. primary carbides did not appear to change through tempering treatments,
2. 550°C is the optimal tempering temperature for high strength applications,
3. CPM® 3V steel tempered at ≥ 650°C produces tempered martensite containing
secondary carbides and results in a ~50% decrease in strength and a ~200%
increase in ductility relative to the 550°C treatment,
4. the CPM® 3V tempering response is similar to the industrially used steel H11.
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8. Recommendations
•

The tempering response of 3V can be further refined in a narrow temperature
range between 500°C and 650°C. This region has the most rapid change in
mechanical properties and additional tensile and microstructural data could aid in
optimizing CPM® 3V for a large variety of applications.

•

Impact toughness could be investigated to determine the range of temperature for
optimization and how impact toughness optimization relates to tensile toughness
optimization.

•

A quantitative look at the abundance of tempered martensite and primary carbides
in each tempering treatment would continue to clarify the microstructure-property
relationships.

•

The specific carbides among the tempering treatments could be better defined
with continued research. The carbides could be liberated from the Fe matrix and
analyzed with XRD and EDS for improved crystallography and elemental
analysis without interference from the matrix. This may help identify the carbides
present besides the VC primary carbides.
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10.

Appendix A
450 Treatment

Figure 33 a.) 5000x SEM BSE image of 450B. Red circles correspond to EDS spectra. b.) EDS spectra
analysis for 450B spot #1.
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Figure 34 a.) EDS spectra analysis for 450B spot #2. b.) EDS spectra analysis for 450B spot #3.
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Figure 35. a.) EDS spectra analysis for 450B spot #4. b.) EDS spectra analysis for 450B spot #5.
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650 Treatment

Figure 36. a.) 5000x SEM BSE image of 650A. Red circles correspond to EDS spectra. b.) EDS spectra
analysis for 650A spot #1.
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Figure 37. a.) EDS spectra analysis for 650A spot #2. b.) EDS spectra analysis for 650A spot #3.
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Figure 38. a.) EDS spectra analysis for 650A spot #4. b.) EDS spectra analysis for 650A spot #5.
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700 Treatment

Figure 39. a.) 5000x SEM BSE image of 700B red circles correspond to EDS spectra. b.) EDS spectra
analysis for 700B spot #1.
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Figure 40. a.) EDS spectra analysis for 700B spot #2. b.) EDS spectra analysis for 700B spot #3.
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Figure 41. a.) EDS spectra analysis for 700B spot #4. b.) EDS spectra analysis for 700B spot #5.
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11.

Appendix B

Table of equations to convert HRC to HB as designed by [38]

