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 Variations in heat treatments have significant effects on the microstructure of tool steels. 

For CPM-M4 tool steel, the changes in microstructure and mechanical properties were observed 

based off of variations in temperature. Five heat treatments with constant exposure time and 

variable austenitizing and tempering temperatures were performed on samples of the CPM-M4. 

During heat treatment, tool steels undergo microstructural transformations where carbides made 

up of primary alloying elements are created and grown while the surrounding matrix of material 

undergoes phase transformations. Using SEM, EBSD, and ImageJ analysis software, the phase 

fractions of the final microstructure for each treatment was quantified and compared. Changes in 

mechanical properties were assessed by macro- hardness and nanoindentation. Based on the data, 

a maximum hardness was achieved for samples with an austenization temperature of 2200°F and 

a tempering temperature of 925°F. This highest hardness did not correspond to the highest fraction 

of the hardened carbide and martensite phases. This is due to interactions between both the phases 

present in the matrix as well as the size and distribution of the carbides. 
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1 Introduction 

 The purpose of this study is to better understand the effects of varying heat treatment 

parameters on the microstructure and chemical distribution of CPM-M4 tool steel. Specifica lly, 

this paper will discuss how these observed changes influence the steel’s use as a knife blade 

material. Variations in heat treatments have well-documented effects on the mechanical properties 

of steels. This study will relate changes in microstructure to changes in one of the primary 

mechanical properties: hardness. For knife blade steel, hardness is an excellent indicator of the 

quality and effectiveness of the heat treatment. The material used in this study, CPM-M4 tool steel, 

is a powder metallurgy tool steel commonly used in the knife manufacturing industry and as a 

general tool-making steel. CPM stands for “Crucible Powder Metallurgy” while the M4 indicates 

that it adheres to the chemical composition of the standardized M4 alloy. The CPM-M4 used in 

this study was independently chemically analyzed according to the standards ASTM E415-14 and 

E1019-11 and was compared to the AISI standard and preexisting CPM-M4 data sheet information 

in Table 1.1. CPM-M4 is high in molybdenum, vanadium, and tungsten which tend to form into 

carbides. These carbides have an impact on mechanical properties of the material. 

Table 1.1 Chemical composition of CPM-M4 steel in weight percent 
 C Cr Mn Mo P S Si V W Fe 

CPM-M4 Samples 1.45 4.02 0.3 5.11 0.019 0.063 0.52 3.89 5.41 Bal. 

AISI-M4 [1] 1.30 4.00 0.30 4.50 0.03  0.07 0.40 4.00 5.50 Bal. 
CPM-M4 [2] 1.42 4.00 0.30 5.25 - 0.06 - 4.00 5.50 Bal. 

           

 In this study, the temperatures of austenitizing and tempering were varied. Heat treatments 

were selected based on the standard heat treatment used for CPM-M4 [3]. Heat treated samples 

were examined using Scanning Electron Microscopy (SEM) and Electron Backscatter Diffrac t ion 

(EBSD). SEM was used to calculate area fractions of carbides and EBSD was used to identify area 

fractions of phases in the matrix around the carbides. Changes to the microstructure were 
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correlated to the mechanical properties using nanohardness readings from a nanoindenter and  

traditional macrohardness. 

1.1 Motivation 

 In the modern manufacturing industry, materials are selected and used in designs based on 

established or tested mechanical properties. These properties are measured using standardized tests 

and procedures and can be effected greatly by varying composition, heat treatment, manufactur ing 

process, and surface treatment. Many of the effects that these procedures have on the material are 

on the micro- or nano-scale. Despite this, the effects are often reported in the macro-scale owing 

to the nature of most standardized tests. Tests on the macro-scale are simple to use and report, 

whereas tests on the micro- or nano-scale have many more possible sources of error and require 

specialized equipment. 

 While macroscopic mechanical properties are the most useful for some applications, others 

exist where microscopic properties are also highly important. Understanding the relationship 

between the two sets of properties for given materials could enable the creation of improved 

material selection criteria and lead to a better understanding how the two influence each other. 

Through an understanding of the nano-scale properties of a material, explanations can be made for 

data which may not make sense based solely off of the macroscopic material data. 

1.2 Purpose 

 The purpose of this research is to relate the effects of heat treatments on the CPM-M4 

microstructure to the observed changes in that material’s mechanical properties. Effects are 

measured using polished and etched samples that are examined using SEM, EBSD, and 

nanoindentation. SEM and EBSD methods are used to correctly identify microstructura l 
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characteristics and nanoindentation is used to determine mechanical properties of these 

characteristics on a micro- or nano-scale. The scale selection is based on the size of the microscopic 

features seen in the sample. 

 Through these examinations, the goal is to reach a better understanding of how microscopic 

properties change based on the different external stimuli. These changes can then be correlated to 

macroscopic properties to better understand the interplay between sets of properties. The goal is 

to create clear correlations between mechanical properties and distribution of constituents and 

observed bulk properties.  

1.3 Objectives 

 Samples of the material will be tested using a number of different techniques in order to 

acquire both micro- and macroscopic mechanical property data. Changes in mechanical properties 

on the macro-scale are assessed using macrohardness. On the micro-scale, changes are measured 

using nanohardness, carbide size and distribution, carbide and matrix composition, and phase 

identification.  

 The main topics which will be discussed are as follows: 

 Literature review of measurement techniques and previous research on tool steels (Chapter 

2) 

 Sample preparation (Chapter 3.1) 

 Relate changes in mechanical properties to changes in heat treatment temperatures  

(Chapter 3.3, 3.4) 

 Relate number and distribution of steel carbides to heat treatment parameters (Chapter 4.1) 

 Correctly identify various phases found within alloy (Chapter 4.2) 
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 Determine hardness of individual phases within alloy (Chapter 4.3) 

 Compare microscopic and macroscopic properties to individual phases (Chapter 5) 

2 Literature Review 

2.1 CPM-M4 

 CPM-M4 is a tool steel produced via the process of powder metallurgy. The technique of 

producing alloyed steels through powder metallurgy has become increasingly popular in recent 

years. This is owing to the fact that it imposes less limitations on the composition of the alloy 

mixture then other processing techniques [4], [5]. High speed tool steels, like M4, are designed for 

use in high temperature and high stress environments [4], [6]. They are generally used industria l ly 

in tooling and in other applications which require a material with high hardness, such as blade 

steels. Due to M4’s high carbon and alloying element content, the microstructure is prone to 

segregating these elements into spherical carbides embedded within the steel matrix.  

2.1.1 Carbide Formation 

 Tool steels were originally developed in the 1800’s as an alternative to the high-carbon 

steels commonly used for tooling at the time [5]. With the discovery of specialized heat treatments 

allowing for extremely high hardness values, tool steels became a common material for tool 

creation [5]. Tool steels rely on high amounts of vanadium (V), chromium (Cr), and molybdenum 

(Mo) or tungsten (W) to form eutectic carbides. It is these hard carbide phases that give the material 

its superior hardness even at elevated temperatures. During alloying and heat treatment, V and 

carbon (C) join to form MC carbides while W and Cr form with C to form M6C carbides [5]. Mo 

is also a carbide former, though it is not as dominant as the W and V. While the basic elements 
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remain consistent across different tool steels, the concentration of each element varies between 

alloys. Some common tool steel alloys and their compositions are listed in Table 2.1. 

Table 2.1 Common tool steel alloy compositions [5] 

 

 While Cr, W, Mo, and V are excellent at forming carbides, other elements, such as niobium 

(Nb) and titanium (Ti) can be used as replacement, particularly for V, in tool steel alloy blends. A 

recent study by Moroz and Glotka looked at the effects of adding Nb and Ti to R3AM3F2B1T-

type tool steel [7]. Two different mixture were examined, which are shown in Table 2.2. In the 

resulting alloy mixtures, the formed carbides were analyzed. The results showed that the carbides 

found in the original mixture were still present as well as new Ti-rich MC carbides. Additiona lly, 

new Nb-rich MC carbides were found in the low-Ti alloy and both V-Nb and Ti-Nb MC carbides 

were observed in the high-Ti alloy [7]. 

Table 2.2 Tool steel compositions after Nb and Ti additions [7] 

 

 The resulting alloys were then tested for comparative life relative to the original alloy. 

Testing was performed with tooling made from the specific alloy mixtures that were then used for 

cutting a number of different alloys in different modes, such as turning and milling, at specific 
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speeds. The results showed that the altered R3AM3F2B1T alloys performed similarly to the 

original alloy [7]. 

 Carbide development and evolution in tool steels has also been researched in addition to 

the final microstructure, which Moroz focused on [7]. In a study by Nurbanasari et al., the 

evolution of carbides in H21 hot work tool steel was observed for a number of heat treatments [8]. 

The chemical composition for H21 can be seen in Table 2.3. H21 displays similar alloying 

elements to most other tool steels, including M4. Specifically, the effects of double tempering were 

observed for the carbides. Double tempering is a common practice where tempering cycles are 

performed twice with the sample being allowed to air cool to room temperature between cycles. A 

schematic example of a double tempering heat treatment can be seen in Figure 2.1. The goal of 

double tempering is to precipitate out stable carbides, which have a large effect on the final 

mechanical properties [8]. Austenization temperatures used were 1100 and 1250oC while 

tempering was performed at 650, 750, and 800oC respectively for one hour, producing six different 

heat treatments [8]. The results of this study showed that higher austenitizing temperature 

enhanced the speed at which carbides approached stability during the tempering process [8].  

Table 2.3 Composition of H21 hot work tool steel in weight percent [8] 

C Si Mn Cr W V Ni P S Fe 

0.3 0.3 0.3 3.1 7.5 0.4 0.3 0.03 0.03 Bal. 
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Figure 2.1 Heat treatment cycle with double tempering [8] 

2.2 Heat Treatments 

 Heat treatment is a process by which a material is subjected to specific temperatures for set 

periods of time in order to produce a change in the mechanical properties of the material [9]. In 

knife blade steels, the desired final phase is generally tempered martensite. Heat treatment involves 

three primary steps; austenitizing, quenching, and tempering [9]. Each of these steps is affected by 

multiple parameters such as temperature, hold time, and environment. Exact temperatures needed 

for each step to be successful vary depending on the specific material. Austenization is a high 

temperature process that transforms the steel microstructure into austenite [9]. Quenching involves 

submerging the material in some type of fluid or gas, such as an oil or water, and is performed at 

a significantly lower temperature than either of the other two steps [9]. Steel must be rapidly 

quenched in order to transform the austenite into martensite; a very hard and brittle phase. The 

final step is to temper the material, performed at elevated temperatures below the austenitic region, 

which transforms the hard martensite into tempered martensite [9]. Tempering reduces the 

hardness somewhat but increases the toughness and ductility of the steel. This allows for a final 

material which is incredibly hard but is less prone to breaking when subjected to bending loads.  
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 The effectiveness of tool steels is highly dependent on the heat treatments used as this 

controls the steel phases present as well as the number and distribution of carbides. While heat 

treatments can be performed at low temperatures, such as Huang et al.’s tempering of M2 at 200oC 

in a nitrogen environment [10], they are generally carried out at highly elevated temperatures. To 

heat treat the material in such a way as to produce the desired final microstructure, an accurate 

continuous cooling transformation (CCT) diagram is required. The complex nature of these highly 

alloyed steels can lead to a more elaborate CCT diagram for the material. Briki and Slima found 

the available CCT diagrams for AISI M4 to be severely lacking in many of the finer details of the 

cooling transformations, particularly at the extremes of very fast or very slow cooling [6]. Thus, 

they produced a new curve for AISI M4 when cooling from an austenization temperature of 

1220oC (2228oF), which can be seen in Figure 2.2. This temperature closely matches the high 

temperature austenization performed in this study.  

 

Figure 2.2 CCT for cooling from an initial 1220oC [6] 
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 While it is possible to develop an entirely original heat treatment program based on the 

cooling curves and phase diagram, much experimentation has already been performed. The results 

of this are the recommended heat treatments provided on the materials data sheets. According to 

the Crucible data sheet, austenitization should be performed at 1875-2200oF for 5-45 minutes [2]. 

The recommended temper is a double temper at 1000oF for 2 hours each [2]. 

 There have been a number of studies that examine the effects of heat treatments on the 

properties and microstructure of various steels using tools like the CCT. One such study, by 

Kisasoz et al., used macrohardness to measures the effects of varying heat treatments on three high 

speed steels [4]. The three steels observed in this study are compositionally similar to M4, all three 

having high alloy contents of Mo, W, Cr, and V, as seen in Table 2.4. The only primary alloying 

element from these steels that is not found in M4 is cobalt (Co). The process of varying 

temperatures used in this study was also very similar to the approach used for the M4 assessment. 

The results of this study, shown in Table 2.5, demonstrate that higher austenitizing and lower 

tempering temperatures yielded higher hardness for all three materials [4]. Higher tempering 

temperature increases the solubility of the C in the matrix structure, reducing the area fraction of 

the hardened carbide phase [4]. 

Table 2.4 Chemical composition of high speed steel alloys [4] 
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Table 2.5 Hardness results post tempering [4] 

 

2.3 Electron Backscatter Diffraction 

 Electron backscatter diffraction is an analysis technique by which electrons from an SEM 

electron source are shot at a sample of material and ricochet off the lattice structure at specific 

angles and strike a detector [11]. Based on the approach angle of the electrons to the phosphor 

screen detector [12], the software can match the region to a specific crystal orientation. One 

limitation of EBSD is that it relies on the user to preselect what phases are present in the material. 

It can only relate the electron patterns, represented by Kikuchi patterns, to predefined 

crystallographic orientations. If the incorrect phases are chosen as inputs, the program will not 

suggest a better-fitting phase. Thus, proper phase selection prior to scanning is critical. For M4, 

the phases of interest are tempered martensite, retained martensite, retained austenite, and the alloy 

carbides, which have an austenitic structure [5]. Tempered martensite is a difficult phase to image 

using EBSD [11], [13] due to its complex nature. Tempered martensite is made up of a mixture of 

ferrite and cementite, of which ferrite has a simple body-centered cubic (BCC) structure while 

cementite has a more complex structure. Thus, when scanning, it is easier to identify the ferrite.  

 Owing to the small sizes of the microstructural features in M4, high resolution scans are 

necessary in order to acquire good data. However, there is a high risk of instability during long 
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scans. This can result from charging of the sample, imperfect electrical grounding, or 

destabilization of the stage during the scanning process [11]. While EBSD can be a powerful tool, 

there are a number of known issues with the technique, particularly for acquiring good phase 

information from high alloy commercial steels like M4. 

 In order to acquire high quality scan results, correct sample preparation is critical for 

EBSD. For most materials, sample preparation includes extensive polishing of the surface using a 

number of different techniques and polishing compounds. The goal of this procedure is to produce 

a completely topographically flat sample for scanning. However, owing to the nature of tool steel 

microstructures with their extremely hard carbide phases, prolonged polishing will lead to 

increasing height differentials along the sample surface [14]. When preparing their samples of 

S390 Microclean tool steel for EBSD, Godec et al. used a short polishing time with a colloida l 

silica oxide compound [14]. Using this procedure, a uniform surface topography was produced 

which allowed for more effective imaging. The resulting microstructure and EBSD scan are shown 

in Figure 2.3. Similar to M4, this microstructure is made up of many small carbides embedded 

throughout the matrix.  
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Figure 2.3 S390 Microclean a) SEM and b) EBSD results [14] 

 In addition to identifying phase fraction, EBSD is also a powerful tool for assessing the 

effects of processing on the microstructural development of tool steels. In a study by Yasavol et 

al., samples of AISI D2 tool steel were processed using friction stir processing (FSP) [15]. Samples 

were then mechanically polished and received a final polish with colloidal silica. Scans were taken 

of the material after processing at varying spin rates. The chemical composition of the cold worked 
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D2 is listed in Table 2.6. SEM images and EBSD scans of this tool steel are displayed in Figure 

2.4. The EBSD patterns show clear difference in grain orientation based on the FSP speeds used.  

This demonstrates that EBSD is not only a powerful tool for identifying phases and orientatio n 

within a material. It can also be used to provide visual and quantitative difference data based on 

changes to material processing, whether that be FSP speeds of changes to heat treatment 

parameters.  

Table 2.6 AISI D2 chemical composition in weight percent [15] 

Cr C Mo V Si Mn Ni Fe 

11.40 1.49 0.82 0.79 0.40 0.35 0.31 Bal. 
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Figure 2.4 SEM scans at a) 400, b) 500, and c) 600 rpm with respective EBSD results (d-f)  [15] 

2.4 Nanoindentation 

 Nanoindentation is a process that uses a loaded indenter to gather data about a sample 

material [16]. Positions for the indentation are selected based on optical microscopy images of the 
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material’s surface and the variables for the indentation process are programmed and controlled by 

the device’s computer. Using this device, specific data can be gathered for different phases within 

the material, primarily nanohardness data. The ability to target specific phases in a material is 

dependent on sample preparation and the size of the microstructural features [16]. Some materials 

require etchants to clearly denote the phases while others do not.  

 Two factors that need to be considered when taking nanohardness readings are variations 

in phase hardness and the phenomenon referred to as “pop-in”. With materials containing mult ip le 

phases, it is possible to generate false readings when a harder material is indented and pushes down 

to displace the softer phase around it. For the material of interest in this study, this would involve 

the hardened carbides being pressed into the surrounding tempered martensite or retained austenite 

matrix. The opposite can also occur if an indent in the matrix is placed too close to the carbides. 

According to Rehman et al., this error can be avoided by selecting an appropriate maximum load 

for the indentation so that the plastic zone generated by the indent is smaller than the size of the 

particle or phase that is being tested [17]. 

 Pop-in can be caused by mechanically induced phase transformations [18] or by 

dislocations nucleating and/or propagating beneath the indenter [17]. These pop-ins appear on the 

generated load versus displacement plots as horizontal jumps in the loading curve. Figure 2.5 

provides multiple examples of pop-in during a single test, in this instance caused by mechanical ly-

induced martensitic transformation in a stainless steel. If stress-induced phase transformation is 

the cause of the pop-in, adjustments to the applied load and loading rate can be used to avoid the 

problem. Since it is not possible to observe features beneath the surface, pop-in due to dislocation 

contact cannot be avoided. Instead, indents showing this behavior must be discounted and re-

measured.  
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Figure 2.5 Multiple pop-ins during testing of stainless steel [18] 

 Another potential problem can occur owing to the two dimensional nature of point 

selection. Similar to the problem of carbides being pressed into the softer matrix, it is possible to 

strike features below the surface that will produce unreliable results [19]. A possible instance of 

this for tool steels is that indents made in the matrix may be located directly over a carbide and 

provide artificially high results when indented.  

3 Materials and Methods 

 Sample pieces of CPM-M4 were prepared and heat treated off-site. Based on literature and 

the data sheet, the following heat treatments were selected for this experiment, as shown in Table 

3.1. The samples were held at the austenitizing temperature for 30 minutes. After austenitizing, all 

samples were quenched in nitrogen gas to below 125°F at a medium cooling rate. Samples were 

then frozen at -120°F for 2 hours prior to tempering. All samples were double tempered at the 

given temperature. Each tempering cycle lasted for 2 hours. All parameters, save the austenitizing 

and tempering temperatures, were kept constant for all samples. For the sake of convenience, 

shorthand terms are provided for each of the five heat treatments. The letters “A” and “T” refer to 
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the two variables, austenitizing and tempering temperature. A “+” refers to a temperature 100oF 

above the center point and a “-” refers to a temperature 100oF below the central temperatures. 

These will be used in the future to refer to specific heat treatments. 

Table 3.1 Heat treatments for experiment 
Austenitizing Temp (°F) Tempering Temp (°F) Shorthand 

2000 925 A-T- 

2000 1125 A-T+ 
2100 1025 Center 

2200 925 A+T- 
2200 1125 A+T+ 

   

3.1 SEM and EBSD Sample Preparation 

 For SEM, three sample were prepared for each heat treatment. Samples were cut and 

mounted in carbon mounting powder under elevated temperature and pressure. Samples were then 

sanded using increasing grits of sandpaper from 240 to 600. Polishing was performed using 

alumina powder mixed with distilled water. Powder levels were 5.0, 0.3, and 0.05 microns in 

sequence. Finally, samples were etched using 5% Nital solution. The purpose of this light etch was 

to remove the deformed surface layer that resulted from the mechanical polishing. This procedure 

provided a clean surface for SEM imaging. An example image can be found in Figure 3.1.  
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Figure 3.1 SEM images for center heat treatment 

 Sample preparation for EBSD scanning is much more delicate than for standard SEM 

imaging. The same mounted samples were used as with SEM but were prepared a second time for 

EBSD. Samples were sanded using increasing grits of sandpaper from 240 to 600, just as with the 

SEM. Initially EBSD was attempted with the same Nital etch as the SEM images, but the sample 

surfaces were too uneven from etching. Samples were re-polished and a short half second etch in 

the Nital solution was attempted with immediate subsequent acetone cleaning. The resulting 

sample surfaces were more uniform, but the height difference between the carbides and the 

surrounding matrix was sufficient to cause issues with the scans. The final polishing method 

employed with the samples was done in four stages using two separate types of solutions. Diamond 

suspension was used with powder levels of 6, 1, and 0.25 microns in sequence. Final polishing 

was done using 0.05 micron alumina suspension. A Twinprep 3 polisher was used for polishing 

all EBSD samples.  
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3.2 EBSD Scanning 

 A sample of each heat treatment was prepared for EBSD as described earlier. Samples were 

mounted to aluminum SEM stubs using copper tape for conductivity. They were then attached to 

the 70o EBSD mounting stub. This angled stub allows for the electrons from the electron beam to 

be caught by the EBSD filter for analysis. EBSD Scanning was conducted using an FEI Quanta 

3D SEM with an EDAX EBSD detector. A scan area of 3x3 microns was used for each sample 

with a step size of 0.01 microns. The scan area was held at a 70o angle from the electron source at 

a distance of 12 mm. For all samples, a voltage of 15 kV and a current of 0.85 nA was used. 

Background subtraction and histogram normalization were used to better resolve the Kikuchi 

patterns. Levels of use for these features as well as specific gain and exposure rates varied between 

samples. SEM images taken of the samples were done using a 70o digital tilt correction to give the 

tilted sample a flat appearance. The same image before and after tilt correction can be seen in 

Figure 3.2. This tilt correction simulates what the sample would look like under a standard 

horizontal SEM scan, though with less clarity. 

 

Figure 3.2 Effects of digital 70o tilt correction a) before and b) after on A+T- 

a) b) 
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 Scattered electrons are interpreted by the software in the form of Kikuchi patterns. 

Representative images can be seen in Figure 3.3 and Figure 3.4. There are two primary varieties 

of carbides present in the material. Under an SEM scan at 15kV and 0.85nA, the carbides appear 

as light and dark in color. Both types of carbides produce distinctly different Kikuchi patterns 

given the same settings. However both identify as austenite, which is to be expected.  

 

Figure 3.3 Light carbide Kikuchi pattern 

 

Figure 3.4 Dark carbide Kikuchi pattern 
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 Based on the known microstructure of heat-treated steels, three phases were targeted for 

identification: austenite, martensite, and ferrite. Scanned areas were automatically categorized by 

the OIM 7 analysis software and mapped as results, which can be seen in Figure 3.5 and Appendix 

II. The colors in the figure indicate the orientation of the point in a specific crystal structure. These 

crystal structures are associated with specific preprogrammed phases and are classified in Figure 

3.6. Relative percentages of different phases are calculated using the resulting data. Based on how 

certain the software is that it correctly identified a phase, a confidence index will be assigned to 

the point, which is demonstrated in Figure 3.7. As can be seen, the region surrounding carbides 

has the lowest confidence. This is a result of the height difference between the hardened carbides 

and the surrounding matrix. This difference in height causes the electrons to have unusual 

reflection pathways, making it difficult for the software to correctly identify the phase at that point.  

 

Figure 3.5 Sample EBSD orientation scan result for center heat treatment 
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Figure 3.6 EBSD phase result for center heat treatment 

 

Figure 3.7 Scan result limited to greater than 0.01 confidence 
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3.3 Nanoindenter 

 For this study, a Nanotest Vantage nanoindenter was used. Tests were performed using a 

Berkovich indenter head. Indentations were made at targeted locations through the use of a built -

in optical microscope in the nanoindenter. All samples showed the same types of carbides present 

after heat treating. The general M6C carbides typically have a hardness of 1500 HV [5]. It was 

assumed that the carbide hardness was consistent for all heat treatments, so hardness readings were 

taken exclusively in the matrix surrounding the carbides. 

 An example of an experimental setup is provided in Figure 3.8. Section A is the loading 

parameter. To determine the appropriate load for the given material, a series of indentation were 

made at various loads ranging from 10 to 50 mN. The resulting indentation were then viewed using 

an optical microscope to determine indent size relative to the size of the carbides. Based off of the 

size of the resulting indent relative to the size of the carbides present, an appropriate load of 15 

mN was determined for the samples, the result of which is shown in Figure 3.9. Section B controls 

the loading rate for the indent. For these experiments, a rate of 40 seconds for loading and 20 

seconds for unloading were used. Owing to the low load and depth of penetration seen in the 

indents, a longer loading and unloading time were deemed unnecessary. Section C controls the 

length of time that the load is held at the maximum before unloading begins. Indents were initia l ly 

run with a dwell period of 60 seconds. Based on the dwell data, an example of which can be found 

in Figure 3.10, the change in depth leveled out fairly quickly, leading to a reduction in the dwell 

period to 10 seconds for most experiments.  
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Figure 3.8 Experimental procedure for one indent in A+T- matrix 

 Section D relates to the selection of test points. For these experiments, specific points were 

chosen for testing in order to ensure accurate matrix readings. These points were run as individua l 

1x1 grid experiments. Section E controls the retraction distance. This is particularly important for 

samples where indents are located far apart or samples are highly uneven. For these experiments, 

retraction was set at the maximum value of 100 microns in order to ensure no scraping of the 

indenter against the sample. Section F relates to adjustments for thermal drift. The test chamber is 

thermally controlled to be approximately 2oC above room temperature, or 26oC, in order to avoid 

heat transfer to either the indenter or the sample during testing. Thermal drift data attempts to 

A) 

B) 

D) 

F) 

C) 

E) 
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compensate for any expansion or retraction caused by temperature variations during the 

experiment. An example of the data generated by this procedure can be found in Figure 3.11. 

Similar to the dwell period, initial tests were run with a 60 second drift correction period. Based 

on the results from those tests, the time was reduced to 10 seconds for most experiments. This data 

is collected and accounted for during the post-indentation unloading procedure.  

 

Figure 3.9 Representative indent in A-T- 

100 um 

15 mN Indent 



 
 

26 
 

 

 

 

Figure 3.10 Dwell data for A+T+ at 15.0 mN 

 

Figure 3.11 Thermal drift data for A+T+ at 15.0 mN 

 Using data gathered by the software during the indentation, a plot of depth versus load is 

produced for the indent. On occasion these loading curves appear to start earlier than the loading 

actually takes place. In this situation, the zero point must be moved to account for the actual 

loading initiation point. Figure 3.12 provides an example of a curve generated for the A+T- sample 

where the initial zero point has been modified to reflect the actual experiment. Region 1 depicts 
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the loading curve over the specified time. Region 2 displays the dwell data at maximum load. 

Region 3 is the unloading curve for the experiment, which displays the plastic deformation 

experienced by the sample. Region 4 incorporates the thermal drift experienced by the sample. 

While the majority of the experimental parameters were kept constant, some were adjusted slightly 

based off of the material’s behavior. Final variables used are listed in Table 3.2.  

 

Figure 3.12 Sample loading curve a) before and b) after adjustment 

Table 3.2 Experimental parameters used for all five heat treatments 

 Max Load (mN) Thermal Drift (sec) Max Dwell (sec) 

A-T- 15.0 20 20 
A-T+ 15.0 20 20 

Center 15.0 10 10 

A+T- 15.0 10 10 
A+T+ 15.0 10 10 

    

 For each sample, 20 indents were made in the matrix. This was done by targeting specific 

regions with fewer carbides in order to avoid effects on the measurements. Indents were made 

approximately 3 microns from the nearest carbide. Owing to the large number of small carbides in 

some heat treatment samples, a wider spacing was not possible. Indent locations were selected 

such that they were at least 20 microns apart so that the indent did not affect each other. Since the 

1 

2 

4 

3 

a) b) 
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size of each indent is less than a micron, this spacing ensures that none of the readings are affected 

by the other indents. Owing to the nature of nanoindentation, it is uncertain if there were any 

features below the surface, such as carbides or voids, which may have affected the results. Thus, 

indents that provided readings outside of the standard deviation were not used for analysis. This 

resulted in the exclusion of an average of 4.6 indents per test. 

 A result of the shallow depth of penetration is that a diamond area function (DAF) needed 

to be used to analyze the data. In theory, the Berkovich indenter head has a perfect three-sided 

pyramid shape all the way to the tip. In reality, the diamond imbedded in the end of the indenter 

has a different geometry which is accounted for by creating a DAF. For this particular indenter, 

the DAF must be used for any indents that are less than 1100 nm deep.  

3.4 Macrohardness Testing  

 Macrohardness testing was performed in accordance with standard ASTM E18-14a [20]. 

Five samples of each heat treatment were tested using a Rockwell C hardness indenter, shown in 

Figure 3.13. Five hardness tests were performed in each of five different samples resulting in 

twenty-five readings for each heat treatment. In accordance with the standard, all indents were 

made at least 3 times the diameter of the indenter away from each other and at least 2.5 time the 

diameter away from the material’s edge. 
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Figure 3.13 Macrohardness indenter 

4 Results 

4.1 SEM Images 

 A Quanta FEI 600 SEM was used to take images of the surfaces for all five samples.  

Representative images are supplied in Figure 4.1. All shown images are taken at 10000X 

magnification. Appendix I provides additional SEM images at multiple magnifications for each 

heat treatment. Scans were taken at a voltage of 15.0 kV and with a spot size of 4.5, a unitless, 

arbitrary number that is a measure of focused electron beam area on the samples [21]. All five heat 

treatments show similar microstructures with circular carbides embedded throughout the matrix. 
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Figure 4.1 Example SEM images for a) A-T-, b) A-T+, c) center, d) A+T-, e) A+T+ 

 Three images from each heat treatment were analyzed using ImageJ software, which 

generated area fraction values based off of carbides outlined in the images. An example of 

highlighted carbides is presented in Figure 4.2. The area for each image was 540 micron2 with 

between 58 and 112 carbides depending on the heat treatment. Average number of carbides 

samples based on heat treatment is presented in Figure 4.3. These values were calculated by 

a) b) 

c) 

d) e) 
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highlighting the individual carbides in the ImageJ software. Using an established scale bar from 

the SEM images, the average carbide size was calculated, which is presented in Figure 4.4. The 

total fraction of surface area occupied by carbides is presented in Figure 4.5.  

  

Figure 4.2 Highlighted carbides for A-T- heat treatment 

 

Figure 4.3 Average number of carbides in analyzed samples 
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Figure 4.4 Average size of carbides 

 

Figure 4.5 Carbide surface area 

 

4.2 EBSD Analysis 

 Samples of each heat treatment were subjected to EBSD scans for phase identification. Full 

sets of images can be found in Appendix II. Example images for one of the heat treatments can be 
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found in Figure 4.6. The first image depicts an orientation map for the material. Colors correspond 

to the point’s orientation with respect to the crystal structure at the point. Unfortunately, the same 

color gradient is used for all three phases present, so information on which phases are present 

cannot be gained from this image. The second image provides a layout of what phases are present 

in each scan. If we were interested in the grain structure or the orientation of each phase, a 

combination of these two data sets would be required. For this research, we are only concerned 

with the fraction of each phase present in the material. This is calculated by the software and is 

included for the given scan in Figure 4.6.  
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Figure 4.6 A+T- heat treatment a) orientation and b) phase maps 

 Results of the EBSD scans were gathered and compared. Phase fraction results are 

provided in Figure 4.7 for the five heat treatments used. As can be seen, all samples showed 

relatively low amounts of retained austenite in the matrix. All of the heat treatments except for the 

a) 

b) 
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center point showed the highest area fraction of ferrite while the central heat treatment showed 

more martensite. In Figure 4.8 these area fractions are compared to the carbide area fraction from 

Figure 4.5 in each sample. Total area scanned via EBSD is 9.0 micron2. During the scanning, 

carbides were mostly avoided, leading to an area fraction of austenite that is lower than the area 

fraction of the austenitic carbides. 

 

Figure 4.7 Phases present in samples after heat treatment 
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Figure 4.8 Percent area of phases including carbide fraction 

 To confirm that the composition of our M4’s carbides were as expected given the alloying 

elements, an energy-dispersive X-ray spectroscopy (EDS) scan was performed on one of the M4 

samples used in this study. As can be seen in Figure 4.9, the spherical carbides are indeed formed 

of the primary alloying elements of W, V, and Cr. While other alloying elements can form carbides, 

as the study by Moroz and Glotka demonstrates, M4 relies on the traditional three alloying 

elements (W, V, Cr) for carbide formation [7].  

 

Figure 4.9 EDS results on center sample 
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4.3 Hardness 

4.3.1 Macrohardness 

 Five samples of each heat treatment were tested for macrohardness values. The results of 

these tests are shown in Table 4.1. Standard deviations are also calculated for the twenty indents 

in each sample. As the table shows, higher tempering temperatures tend to decrease the hardness 

of the material. Raising the austenitizing temperature appears to have a positive effect on hardness 

values. These two trends together mean that a higher austenitizing temperature and a lower 

tempering temperature have the highest hardness, which is supported by the experimental results.  

Table 4.1 Macrohardness results of different heat treatment samples 
 

 

4.3.2 Nanohardness 

 One sample from each heat treatment was tested using nanoindentation. A series of twenty 

indents were made into the matrix material. Due to the size of the phases present and the limited 

magnification of the device’s optical microscope, it was impossible to target specific carbides 

accurately. No pop-in behavior was observed in these experiments. The results for each individua l 

indent can be found in Appendix III. Example images of loading curves are provided for all five 

heat treatments in Figure 4.10. Change in depth during the dwell period can be observed at the 

maximum load in the plots. Depth of penetration ranged from 200 to 300 nm for all indents.  

 A-T- A-T+ Center A+T- A+T+ 

Hardness (HRC) 63.5 57.7 63.9 66.6 60.8 

Standard Deviation 0.52 0.46 0.41 0.43 0.45 
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Figure 4.10 Example loading curves for a) A-T, b) A-T+, c) center, d) A+T-, e) A+T+ 

a) b) 

c) 

e) d) 
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 The Micro Materials nanoindenter software used these curves to generate hardness data for 

each indent. Table 4.2 summarizes the average results for the various heat treatments and phases. 

Readings were taken in GPa using the Berkovich indenter. These results were then converted into 

Vickers hardness (HV) using Eq. 4.1 as shown [22]. In this equation, 𝐻𝑉 is the hardness in Vickers 

while 𝐻𝐼𝑇  is the hardness measured by the indentation test in GPa. While this is the equation 

provided by the manufacturer for converting between these two hardness scales, it is noted that 

this does not account for “tip blunting at small depths” [22]. Thus, given the shallow indents 

produced during these experiments, this conversion may not be perfectly accurate. Values in 

Vickers were then converted into Rockwell C hardness through the use of conversion tables 

supplied in ASTM standard E140-12b [23]. Interpolation was used to convert as accurately as 

possible. However, owing to the nonlinear conversion between Vickers and Rockwell C, values 

were only reported to three significant figures so as to not over-represent confidence.  

Table 4.2 Nanohardness average results of different heat treatment samples 
 
 

 

                                                              𝐻𝑉 = 94.5 𝑥 𝐻𝐼𝑇                                                           (4.1) 

4.3.3 Overall Hardness 

 Using data from both the macrohardness and nanohardness tests, a comparison was made 

using the Rockwell C scale. The results of this comparison are shown in Figure 4.11 along with 

error incurred. Nanoindentation results were uniformly higher in value then the macro indenter 

results. The hierarchy of hardness is the same from both test methods. Error bars were produced 

based off of the standard error of the experiments.  

 A-T- A-T+ Center A+T- A+T+ 

Hardness (GPa) 10.615 9.674 11.420 12.655 10.052 

Standard Deviation 1.803 1.477 1.885 1.859 1.531 
Hardness (HRC) 69.0 67.4 70.0 71.4 68.2 
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Figure 4.11 Hardness comparison using standard hardness and nanoindentation 

5 Discussion 

5.1 Carbide Effects 

 Results from SEM images were consistent with the expected microstructure. A large 

quantity of small carbides were observed throughout the matrix. Heat treatments have a number 

of effects on microstructural evolution. Higher austenitizing temperatures allow for the creation of 

more martensite during the quenching process [9]. Higher tempering temperatures will transform 

more of the martensite into tempered martensite. As was shown previously in Figure 4.8, increases 

in the tempering temperature increased the percent of tempered martensite in the final 

microstructure for both austenitizing temperatures. Similarly, the higher austenitizing 

temperatures produced more martensite for both tempering temperatures.  

 Both austenitizing and tempering also have an impact on carbide formation and final size. 

Higher temperatures increase the mobility of the alloying elements that make up the carbide.  

Figure 5.1 provides a comparison between the temperature effects on both carbide size and 
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number. As a result of the increased diffusion, increasing the austenitizing temperature reduces the 

number of carbides and the alloying elements from these dissolved carbides are absorbed by the 

remaining carbides, increasing the average carbide size. The same holds true for increases in 

tempering temperature; the dissolution of some carbides and increased diffusio n produce a smaller 

number of larger carbides. 

 

Figure 5.1 Carbide size and number comparison 

 The size and distribution of carbides has a significant effect on the hardness of the final 

material. Figure 5.2 and Figure 5.3 compare the observed macrohardness to the carbide area 

fraction and size respectively. Nanohardness results show the same trend and thus would provide 

the same comparison as the macrohardness. Though the carbides are the hardest feature present in 

the microstructure, their main contribution to the overall hardness is through their interaction with 

the surrounding phases since they represent less than twenty percent of the total area. As Figure 

5.2 shows, there is no direct correlation between the area of carbides and the observed hardness. 

A comparison is also provided for macrohardness and carbide size in Figure 5.4. For the both 

austenitizing temperatures, we see that, as the number of carbides decrease and the size of the 
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carbides increases, the hardness of the material decreases. However, despite having fewer small 

carbides then A-T-, the A+T- treatment has a higher final hardness. The carbides alone do not fully 

explain the hardness trends seen from varying heat treatments.  

 

Figure 5.2 Comparison of changes in hardness versus changes in carbide area fraction 

 

Figure 5.3 Comparison of number of carbides versus macrohardness 
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Figure 5.4 Comparison of carbide size to macrohardness 

5.2 Matrix Phase Effects 

 Both nanohardness and macrohardness readings showed the same trends with A+T- being 

the hardest heat treatment while A-T+ was the softest heat treatment. This makes sense based on 

the previously discussed effects of austenitizing and tempering temperature on the formation and 

transformation of martensite and tempered martensite, respectively. These results, summarized in  

Table 5.1, also match up with the study by Kisasoz [4], which was mentioned previously.  

Table 5.1 Hardness results summary 

 

 

 
 The nanoindentation results are interesting because, unlike the macrohardness readings, 

they did not include carbides in the hardness. As has been shown, the size, area fraction, and 

number of carbides changes with the variations in heat treatment. This would lead to the 

assumption that carbides are the major contributor to the changes in hardness. However, since the 

 A-T- A-T+ Center A+T- A+T+ 

Nanohardness (GPa) 10.615 9.674 11.420 12.655 10.052 
Nanohardness (HRC) 69.0 67.4 70.0 71.4 68.2 

Macrohardness (HRC) 63.5 57.7 63.9 66.6 60.8 
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same trend is seen in the nanoindentation result, it can be concluded that changes in the phase 

fractions also play a significant part in the hardening and softening of the material during heat 

treatment.  

 Results from EBSD provide phase fraction data that can be used to explain the hardness 

trends, which cannot easily be explained using carbide data alone. In Figure 5.5 the hardness of 

the material is compared to the relative area fraction of each phase for the given heat treatments. 

As mentioned previously, the size and number of carbides would indicate that A+T- should be 

softer than A-T-, which is not reflected in the measured hardness. However, the phase fraction 

shows a much larger percentage of martensite and a much smaller percentage of retained austenite 

in the A+T- treatment. Since martensite is the hardest matrix phase and retained austenite is the 

softest matrix phase, this can explain the difference in hardness observed.  

 

Figure 5.5 Hardness compared to percent of phases present 

 The center and A-T- heat treatment also display a very similar final hardness despite the 

center treatment having fewer, larger carbides. However, the center treatment also contains the 

highest fraction of martensite and the largest area of carbides despite having the smallest fraction 
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of tempered martensite. These harder phases likely compensate for the reduction in strength from 

the increased carbide size, producing a similar final hardness to the A-T- heat treatment.  The only 

unusual comparison remaining is the A-T+ and A+T+. The A-T+ shows a lower hardness yet it 

contains a larger number of smaller carbides then the A+T+ treatment, as shown previously. It also 

shows very similar levels of martensite, tempered martensite, and contains the least amount of 

retained austenite. 

5.3 Sources of Error 

 EBSD scans were conducted with a large step size to area ratio at a high magnificat ion. 

However, as Ryde [11] explained, this can lead to scan instability. The scans conducted took 

approximately three hours each, which was a long enough period to see some negative effects. The 

main issue encountered, which is evident in the images displayed in Appendix II, was drift during 

scanning. A particularly egregious example of this is also provided in Figure 5.6. In this scan, four 

separate regions are clearly evident, each divided by shift or drift of the scan. These result is a scan 

area that, while still providing representative phase fractions, does not provide an accurate visual 

representation of the sample’s surface.  
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Figure 5.6 A+T- scan area drift lines 

 Another issue encountered was correctly selecting the phases for identification. The heat 

treated microstructure is composed of carbides, retained austenite, retained martensite, and 

tempered martensite. Tempered martensite is composed of ferrite and cementite. However, owing 

to its more complex crystal structure, identifying cementite increase the scan time for a given area 

by a factor of three. In order to test the ability of the detector to identify cementite, a test scan was 

run on a 5x5 micron area at an increased step size. The resulting scan is shown in Figure 5.7. The 

scan shows a large fraction of cementite in the material. However, when the image is reduced to 

points with a higher confidence index, meaning points that the software is more certain are 

correctly identified, the cementite fraction shows a very large drop while the ferrite fraction shows 

an increase. This is shown in Figure 5.8. Based on this data, it was determined that ferrite was a 

sufficient representation for the fraction of tempered martensite present in the material.  
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Figure 5.7 A+T- EBSD scan including cementite 

  

Figure 5.8 A+T- EBSD scan including cementite with confidence index greater than 0.01 
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 As was noted previously, the macrohardness and nanohardness results show the same trend 

based on heat treatment. However, since the nanohardness measurements were taken in the soft 

matrix surrounding the hard carbides, it was assumed that these measurements would show a lower 

hardness when compared with the macrohardness results. Instead, the nanohardness was visibly 

higher for all samples tested. There are a few possible causes for this inconsistency. The first is an 

error in the conversion. Nanohardness results are initially produced in GPa since the measurements 

are taken with a Berkovich indenter. These results are the converted into Vickers hardness using 

the aforementioned equation provided by Micro Materials. To compare with the macrohardness 

results, the data must then be converted into Rockwell C using the ASTM conversion standard. 

There is not a linear relationship between Vickers and Rockwell C, hence the need for conversion 

tables and interpolation. It is possible that some error was introduced during the conversion stages, 

thus producing inflated final hardness values.  

 The other potential cause of error is that the data produced by the nanoindenter was 

incorrect. When very shallow indents are made into material, minor sources of error like vibrations 

become more pronounced. The various erroneous data curves discussed below provide examples 

of inconsistent behavior at shallow indentation depths. Additionally, a DAF is required to analyze 

data from these indents. The DAF is produced through comparison of experimental data from test 

samples of fused silica. It is possible that an incorrect DAF or vibrational effects from the shallow 

indents caused the final hardness readings to be artificially inflated. An inaccurate DAF appears 

to be the more likely cause owing to the consistent difference observed in the final hardness 

readings. 

 Owing to the size of the microstructural features present in the M4 steel, nanohardness 

indents needed to be made at small loads, resulting in low depths of penetration. Low depths of 
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penetration allow for a number of different features, such as voids, inclusions, and other localized 

irregularities to have a significant impact on the resulting curves in addition to vibrational effects. 

Figure 5.9 depicts a common behavior seen in these indents. This curve appears to show the 

material pushing the indenter outward during the dwell period when it should be creeping deeper. 

This is due to thermal drift correction shifting the curve. This behavior is seen in all of the samples 

tested here as well as other steel types, generally at low depths of penetration. At higher penetration 

depths, the larger loads allow for the creep from dwell to come through as the dominant behavior 

during dwell, but this is not the case for the shallow indents made here.  

 

Figure 5.9 A-T- depth versus load curve with depth decrease during dwell 

 Another type of inconsistency is a non-uniform loading or unloading curve. This behavior 

can be observed on the loading or unloading curve or both. Figure 5.10 provides an example of a 

loading curve which starts with a uniform increase of slope that increases more sharply at a load 

of approximately 8 mN and returns to the expected curve at about 11.5 mN. While this may have 
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some effect on the final hardness value measured, small variations such as this were considered 

negligible for the purposes of this study. In more extreme cases, several of these error can occur 

simultaneously. Figure 5.11 depicts a loading curve where the loading has occurred non-uniformly 

and the indenter also retracted during the dwell period. For data such as this, the results are not 

trustworthy and were thus not included in the calculations.  

 

Figure 5.10 A-T- depth versus load curve with non-uniform curves 
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Figure 5.11 A+T+ depth versus load curve with multiple unusual problems 

 Despite potential causes of error, the hardness results of the nanoindentation show the same 

trend as the macrohardness results. The majority of the indents produced expected loading and 

unloading curves. The actual error introduced by these loading curve irregularities was relative ly 

small and thus had little impact on the final results.  

6 Conclusion 

 Based on the observed data, a number of conclusion can be drawn about the effects of 

microstructure on mechanical properties:  

(1) Nanoindentation and traditional macroindentation provide similar trends in hardness 

readings. This is despite the fact that the nanoindentation data theoretically did not include 

any carbide effects. Owing to the small size of the microstructural features, gathering 

nanoindentation data on the specific phases present was not possible using this machine. 
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Drift between the optical selection point and the indentation location made accurate 

measurement of the carbide hardness impossible. Since the same trend was observed 

without measuring the carbide hardness, it can be concluded that the matrix composition 

also has a measurable effect on the final hardness. 

(2) Increasing the austenitizing and tempering temperature reduce the number of carbides and 

increase the average size. This is a result of increased alloying element diffusion within the 

material at elevated temperatures. The actual area fraction of carbides varied only slightly 

and was smaller at higher austenitizing temperatures. 

(3) Larger numbers of carbides with a smaller average size produce a higher final hardness 

then fewer, larger carbides. This is due to the fact that a fine distribution of carbides is more 

effective at blocking dislocation motion.  

(4) Changes in the area fraction of martensite, tempered martensite, and retained austenite all 

effect the final hardness measured. Of these phases, the percentage of martensite appears 

to have the largest effect.  

(5) The center heat treatment contains the highest fraction of carbides but also shows a 

significantly higher percentage of retained austenite and a lower percentage of tempered 

martensite. Since retained austenite is the softest phase present in the material and the 

carbides present are large in size but smaller in number, this could explain why this phase 

is softer then the A+T-, which is otherwise very similar in terms of carbide number and 

fraction of retained martensite.  

(6) Final hardness is affected by all major microstructural features. It is most heavily 

influenced by the number of carbides, which serve to limit dislocation motion, and the 
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percent fraction of martensite, which most significantly affects the non-carbide matrix 

hardness. These values are compared in Figure 6.1. 

 

Figure 6.1 Major factors affecting mechanical properties for varying heat treatments 

6.1 Future Work 

 With the gathered data, it was not possible to identify the exact reason why the A+T- had 

the highest hardness. A thorough understanding of the acquired results would require a better 

understanding of how each individual phase contributes to the overall hardness. To test the 

hardness contribution of each phase requires the ability to identify each specific phase within the 

material under optical microscopy and target the phase precisely and accurately. This level of 

phase selection is not possible with the current nanoindentation technology. The indents created 

were very shallow by nanoindenter standards and were prone to a number of external effects; 

smaller indents would be unreliable with the given machine setup.  

 In addition, EDS mapping for all samples tested may yield information about alloy 

distribution. Since the A+T- and A+T+ treatments possessed the lowest area fractions of carbides, 

more of the major alloying elements have been left in the material matrix. It is conceivable that a 
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more heavily alloyed, harder matrix phase, combined with a number of small carbides, could serve 

to provide a higher overall hardness. A full EDS mapping comparison between heat treatments 

would allow for this hypothesis to be partially tested. 

 While the hardness may not be directly correlated here with the phase fractions present, it 

is possible that a larger variety of mechanical properties could provide additional information. 

Tensile testing would provide yield and tensile strengths, properties that are closely related to 

material hardness. It is possible that an analysis of the changes in other mechanical properties 

could shed light on why the highest hardness is observed in a heat treatment that does not contain 

the largest phase fraction of the hardest phases.  

 In order to perform EBSD scans, lattice parameters need to be input or assumed based off 

of common spacing. If the exact lattice parameters for the given material could be determined, this 

would allow for phase identification to be performed at a much higher confidence index. 

Performing x-ray diffraction (XRD) on the samples would allow for the determination of these 

more exact lattice parameters. Since the carbides are formed from such variable compositions of 

alloying elements, it is unclear whether or not it would be possible to produce and accurate set of 

lattice parameters for this phase, but it would allow for higher clarity in identifying martensite, 

tempered martensite, and retained austenite within the material.   

 Double tempering involves performing the tempering process twice on the material. This 

is thought to yield improved mechanical properties over a single temper cycle [4]. If the tempering 

process could be extended to twice as long and still yield the same final mechanical properties, 

manufacturing time could be reduced by eliminating the cooldown and reheat steps. Research 

should be done to compare the effects of heat treatments with a double temper and with a single 

temper held for double the time.  
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Appendix I SEM Sample Images 

 

Figure I.1 A-T- at 1000X 

 

Figure I.2 A-T- at 10000X 
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Figure I.3 A-T+ at 1000X 

 

Figure I.4 A-T+ at 10000X 
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Figure I.5 Center at 1000X 

 

Figure I.6 Center at 10000X 
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Figure I.7 A+T- at 1000X 

 

Figure I.8 A+T- at 10000X 
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Figure I.9 A+T+ at 1000X 

 

Figure I.10 A+T+ at 1000X 
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Appendix II EBSD Scan Image Results 

 

Figure II.1 A-T- heat treatment a) orientation and b) phase maps 
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Figure II.2 A-T- heat treatment phase points with a confidence index greater than 0.01 
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Figure II.3 A-T+ heat treatment a) orientation and b) phase maps 
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Figure II.4 A-T+ heat treatment phase points with a confidence index greater than 0.01 
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Figure II.5 Center heat treatment a) orientation and b) phase maps 
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Figure II.6 Center heat treatment phase points with a confidence index greater than 0.01 
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Figure II.7 A+T- heat treatment a) orientation and b) phase maps 
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Figure II.8 A+T- heat treatment phase points with a confidence index greater than 0.01 
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Figure II.9 A+T+ heat treatment a) orientation and b) phase maps 
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Figure II.10 A+T+ heat treatment phase points with a confidence index greater than 0.01 
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Appendix III Nanoindentation Results 

Table III.1 Nanoindentation results for 2000-925oC heat treatment 

A-T- Max. Depth (nm) Load (mN) Er (GPa) Hardness (GPa) 

1 251.598236 15.007131 233.406319 10.918047 

2 260.016466 15.00395 243.347567 9.907948 

3 239.339185 15.007099 256.202974 12.0026 

4 254.172499 15.006368 298.952454 9.896519 

5 233.873649 15.010206 256.725736 12.736081 

6 243.259036 15.007978 288.267636 11.097074 

7 281.28048 15.001587 230.216957 8.309541 

8 339.241248 15.007132 836.484743 4.845087 

9 261.758843 15.003979 344.564918 8.97485 

10 253.318446 15.006331 251.292611 10.467413 

11 310.713661 15.003953 255.739774 6.450946 

12 252.256353 15.007133 231.051386 10.884732 

13 212.479298 15.007944 192.417706 20.531287 

14 243.945554 15.003972 284.859442 11.055389 

15 242.753666 15.005552 279.993643 11.247294 

16 222.458731 15.003166 325.182445 13.313089 

17 228.149979 15.004758 259.75452 13.523747 

18 284.718419 15.006369 346.565846 7.446338 

19 307.436313 15.007124 240.33638 6.68668 

20 289.907784 15.007908 197.822225 8.064709 
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Table III.2 Nanoindentation results for 2000-1125oC heat treatment 

A-T+ Max. Depth (nm) Load (mN) Er (GPa) Hardness (GPa) 

1 251.8761 15.00553 172.6633 12.55191 

2 262.7289 15.00555 200.431 10.33178 

3 285.864 15.0071 223.8511 8.056501 

4 284.8994 15.00714 194.0724 8.475576 

5 263.1743 15.00554 220.7134 9.92326 

6 319.6753 15.00712 210.703 6.282072 

7 261.613 15.00718 174.7951 11.13636 

8 239.6315 15.00794 304.799 11.32816 

9 284.6311 15.0063 199.5104 8.419083 

10 240.4343 15.00481 317.4969 11.11334 

11 320.6953 15.00796 455.6107 5.616192 

12 269.1332 15.00552 215.1951 9.456041 

13 276.9042 15.00552 434.3137 7.667468 

14 248.2972 15.00634 240.1146 11.17957 

15 273.9918 15.00789 211.2486 9.096037 

16 211.9261 15.00554 197.4501 20.1832 

17 283.8045 15.00476 285.0615 7.753623 

18 205.2664 15.00079 524.3608 14.27703 

19 267.4444 15.00399 320.3208 8.669974 

20 259.9714 15.00638 270.5082 9.621127 
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Table III.3 Nanoindentation results for 2100-1025oC heat treatment 

Center Max. Depth (nm) Max. Load (mN) Er (GPa) Hardness (GPa) 

1 230.9936 15.00721 242.9779 13.4619 

2 237.0557 15.00633 340.2694 11.29413 

3 238.1497 15.0048 337.9227 11.19037 

4 263.9681 15.00639 386.7622 8.638834 

5 257.4541 15.00874 279.2984 9.767336 

6 306.2218 15.00397 226.0908 6.832272 

7 229.6368 15.00395 326.1371 12.31337 

8 234.939 15.00637 208.1698 13.85522 

9 247.751 15.00718 377.475 9.984326 

10 222.9887 15.00473 316.3408 13.35206 

11 213.6857 15.00397 314.1019 14.89937 

12 210.4203 15.00394 243.9042 17.52524 

13 197.6821 15.01665 236.7177 21.93821 

14 253.4519 15.00634 215.3403 11.04353 

15 213.3191 15.00637 230.0005 17.44952 

16 219.2975 15.00317 210.7975 16.96899 

17 256.4877 15.01506 233.0628 10.40711 

18 256.9225 15.00875 366.8076 9.254423 

19 196.0643 15.00793 349.9234 17.86074 

20 249.6153 15.00636 288.7302 10.42193 
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Table III.4 Nanoindentation results for 2200-925oC heat treatment 

A+T- Max. Depth (nm) Max. Load (mN) Er (GPa) Hardness (GPa) 

1 245.6636 15.00559 477.6217 9.783823 

2 233.6624 14.93357 422.0273 11.08204 

3 232.1189 15.01437 239.6574 13.37588 

4 207.3378 14.73259 365.7077 14.89874 

5 243.8607 15.00634 328.6928 10.6592 

6 218.0533 15.01988 274.4559 14.93163 

7 185.1473 14.85291 285.8615 23.0518 

8 246.689 15.01507 241.496 11.3533 

9 254.2934 15.01507 233.6527 10.62781 

10 186.1539 15.00791 282.6829 23.25231 

11 198.5122 15.01351 287.1714 18.94986 

12 234.4166 15.00474 194.0337 14.54687 

13 121.5813 14.57275 408.0848 162.9669 

14 219.579 15.00634 279.6747 14.52279 

15 222.2564 15.00559 270.1354 14.26534 

16 192.4584 15.01832 317.4271 19.63909 

17 255.0584 15.00558 162.1803 12.57078 

18 190.4309 14.85283 269.5509 21.98225 

19 182.04 15.00393 302.4388 23.77781 

20 231.0432 14.93596 343.5758 11.89858 

 
  



 
 

77 
 

 

 

Table III.5 Nanoindentation results for 2200-1125oC heat treatment 

A+T+ Max. Depth (nm) Max. Load (mN) Er (GPa) Hardness (Gpa) 

1 267.8621 15.00398 228.7039 9.382137 

2 254.0875 15.00635 320.0414 9.749386 

3 238.269 15.00556 360.2239 11.0137 

4 255.8545 15.00553 332.3572 9.518087 

5 232.5404 15.00636 261.2958 12.83538 

6 269.715 15.00637 221.9728 9.3111 

7 257.591 15.00634 218.0593 10.53231 

8 271.4227 15.00637 269.1264 8.699788 

9 252.218 15.01516 292.1226 10.144 

10 255.8918 15.00474 447.3058 9.043148 

11 255.6876 15.01988 207.6857 10.96285 

12 189.9619 15.00555 336.6021 19.76035 

13 245.5036 15.004 402.049 10.06996 

14 210.8091 15.00793 244.7059 17.40081 

15 234.2825 15.00475 268.0274 12.47088 

16 263.7961 15.00796 298.0314 9.083598 

17 241.2651 15.00636 353.3878 10.74752 

18 244.8499 15.00555 206.1487 12.36904 

19 277.4557 15.00718 347.4469 7.877173 

20 281.777 15.00636 633.1716 7.129752 

 

 



 
 

 
 

 

 

 


