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Abstract

High-carbon, high-chromium cold work tool steels are a group of steels that are used in various
industrial applications due to their exceptional properties such as high hardness and wear resistance.
Heat treatment plays a critical role in tailoring these characteristics for each application to meet the
required needs. This study investigates the effect of austenitizing and tempering temperatures and
tempering steps on the hardness and retained austenite (RA) content and aims at providing a model
which can estimate the resulting hardness of each heat treatment recipe. Fifteen heat treatment
procedures were defined using a face-centered central composite design. The microstructure of the
material was studied by scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS), and the RA was measured by X-ray diffraction. Vickers microhardness measurement was also
used to characterize the mechanical properties of the material. The results showed that austenitizing
at 1040 °C and 3-step tempering at 550 °C resulted in the minimum hardness value (732HV).
However, the maximum hardness (801HV) was achieved when the material was austenitized at 1055
°C and tempered at 525 °C for 3 steps. The data was analyzed by Chemometric Agile Tool (CAT)
software and the results showed that the interaction of austenitizing and tempering temperatures had
the most significant effect on hardness. On the other side, the amount of RA was mainly affected by
the tempering temperature. By increasing the austenitizing temperature from 1040 to 1070 °C, an

increase in the peak hardness value was observed. Additionally, by increasing the tempering



temperature the hardness increased followed by a decline after reaching a peak value. Given the
generated model, this research contributes to a deeper understanding of intricate relationships
between heat treatment parameters and material properties, facilitating the design of heat treatment
procedures based on requirements of each specific application.

Keywords: Cold-work; Tool steel; Heat treatment, Hardness,; Retained Austenite

1. Introduction

K340 is a type of cold-work tool steel that primarily contains chromium, molybdenum, vanadium,
and niobium as alloying elements. It has a remarkable combination of properties, including
outstanding resistance to wear, toughness, ultimate strength, and dimensional stability. This alloy is
widely utilized in many applications such as construction machinery components, wear-resistant
structural parts, stamping and forming dies, blanking and shearing tools, cold heading and extrusion
dies, and precision tools [1]. Due to its exceptional wear resistance, it is highly suitable for use in
applications that include abrasive wear and high-stress loads. However, stamping tool made of high
Cr content cold work too steels are prone to cracking, chipping, and breakage due to the segregation

of the alloying elements and the presence of large primary carbides in the microstructure [2].

The microstructure of cold work tool steels is characterized by the presence of carbides that are
dispersed in the matrix. The high concentration of alloying elements in these steels leads to the
segregation of these elements during the solidification process, resulting in the formation of primary
carbides, such as MC, MxC, and M7Cs, which remain mainly undissolved even at austenitizing
temperature [3]. Additionally, secondary carbides, such as M23Cs, form during the hardening heat-
treatment process. This attribute greatly enhances the steel performance, particularly under
demanding conditions. In tool steels, reducing the amounts of C and Cr results in a decrease in the

hardness of the martensite after quenching and the size of secondary carbides. On the other hand,



higher levels of Mo and V improve the hardenability [4]. Generally, the type, size, and the distribution

of these carbides play a significant role in the performance and lifetime of tool steels [5].

However, the mechanical properties of the alloy can be highly affected by the heat treatment
procedure which modifies the microstructure of the material [6,7]. Research has demonstrated that
post-heat treatment procedures can enhance the characteristics of tool steels, suggesting that heat
treatment can enhance wear resistance and tailor properties for specific applications [8,9]. This steel
is categorized as an air-hardening, high-carbon, high-chromium tool steel. It is subjected to specific
heat treatment procedures to attain the desired level of hardness and toughness required for its
intended purpose. The heat treatment process for tool steels typically consists of three primary stages:
austenitizing, quenching, and tempering [10]. Austenitizing promotes the dissolution of carbides in
the matrix and quenching at high cooling rates facilitates the formation of desired phases, such as
martensite. Tempering step stimulates the precipitation of small carbides in the martensitic matrix,
which are known as secondary carbides. If the quenching is performed at high cooling rates, the risks
of cracks and distortion is increased. This risk can be reduced by austempering treatment; however,
low fracture and impact toughness can be achieved [11]. Pierer et al. [12] noted that quenching
medium can affect the dimensional stability of the parts. Dimensional stability after heat treatment is
vital to ensuring the precision, durability, and functionality of industrial components. Their study on
K360 alloy showed that the minimum dimensional change was introduced by oil quenching, while
salt bath quenching shows a lower degree of change, and the smallest dimensional change occurs
with gas quenching. They also claimed that dimensional change increases by increasing the

austenitizing temperature.

The mechanical behavior, such as wear properties, hardness, and fracture toughness, of tool steels in
relation to austenitizing temperature and tempering conditions has also been the subject of research
[13,14]. Bandriyana et al. [15] investigated the impact of heat treatment on the microstructure of an
oxide dispersion-strengthened steel. Their research reveals how austenitizing and tempering
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processes affect the material's characteristics. For instance, austenitizing temperatures should be

carefully chosen to avoid coarsening of prior austenite grains and poor steel toughness [16].

Retained austenite (RA) is commonly found in as-quenched tool steels, especially in steels with high
carbon content or certain alloying elements. Its presence can affect the mechanical properties and
dimensional stability of the material, so post-quenching treatments like tempering or cryogenic

processing are often employed to control or reduce it [17-19].

Regarding the effect of heat treatment on hardness of the material, Feuerhahn et al. [20] processed a
tool steel with a chemical composition comparable to K340 by selective laser powder bed fusion
(PBF-LB) technique and the hardness of the material was increased from 493 HV to 765 HV after
austenitizing the as-built sample at 1080 °C and performing 3-step tempering at 535 °C, to maximize
the intensity of carbides precipitation. The effect of austenitizing temperature on the fraction of
primary carbides was studied and it was reported that for a D3 tool steel, by increasing the
austenitizing temperature from 850 to 1050 °C the volume percentage of chromium carbide was

reduced from 8.7% to 4.1% [21].

The latest progress in the enhancement of K340 tool steel has been centered around optimizing its
mechanical properties, machinability, and thermal stability. Advanced heat treatment techniques and
alloy adjustments have led to improved performance and prolonged lifespan of tools. Furthermore,
the progress in surface treatments and coatings has broadened the scope of uses for K340 tool steel.
The wear of tools and dies are a major concern in metal forming processes such as blanking and
stamping, because of the maintenance costs, the stoppage in the production line, and material wastage
as scraps. Due to the high levels of stress applied to the tools, the wear properties of the material are
of great importance [22]. The wear resistance of steels is often enhanced by the martensitic phase
transformation by applying heat treatment procedures [23]. Applying nitride coatings by physical
vapor deposition (PVD) process is a new trend to enhance tribological performance and mitigate the

degradation of cold work tools [24,25]. It is also shown that wear properties are dominantly affected
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by hardness, which itself is affected by the microstructure [26,27]. Thus, to minimize the extent of
tool wear during stamping, it is important to fully understand the parameters that influence these

characteristics to effectively prolong the lifespan of the die materials.

Mitigation of sudden die failure is frequently linked to a crucial threshold of hardness that should not
be surpassed for a given application. For many applications, the impact of ductility on die longevity
surpasses that of toughness, and hardness exhibits a close correlation with both ductility and
toughness [28]. Since the hardness of tool steels can be modified by heat treatment, a not optimized
heat treatment for each specific application can reduce the service life of the component and result in
an early failure. Moreover, one specific material may be used for different applications which require
different mechanical properties. This highlights the criticality of optimizing heat treatment procedures

to attain the intended microstructures and properties for the service requirements.

Therefore, the main aim of this study is to find a model that can demonstrate the correlation between
heat treatment parameters (austenitizing and tempering temperatures and tempering steps) and the
resulting hardness value and RA of K340 steel. As a result, by having this model and based on the
service requirements, a proper heat treatment procedure can be designed and applied to achieve the

desired hardness for the component at a given service condition.

2. Experimental Procedure

The material used in this study was Bohler K340 Isodur cold work tool steel provided by Util
Industries S.p.A. The chemical composition of the alloy was analyzed by optical emission
spectroscopy technique using Metal LAB Plus equipment produced by GNR s.r.1. and the results are

presented in Table 1.

Table 1 — Chemical composition (wt.%) of the alloy used in this study.

Element C Cr Mo Vv Si Mn Al Nb




Avg.
0.92 7.98 2.05 0.45 0.71 0.38 0.92 0.11
measured

Nominal 1.1 8.3 2.1 0.5 0.9 0.4 + +

To define the experiments, the design of experiment (DoE) method using a face-centered central
composite design was used. A face-centered central composite design (FCCD) is a type of response
surface methodology used to optimize experimental conditions. It consists of factorial points, axial
points located on the faces of the factorial space, and center points, which allows for efficient
exploration of quadratic relationships. The heat treatment parameters studied in this work were
austenitizing and tempering temperatures and tempering steps. For each parameter three levels (-1:
minimum, 0: mid-range, and 1: maximum) were defined. The minimum, mid-range, and maximum
values for the austenitizing temperature were 1040, 1055, and 1070 °C and it was 500, 525, and 550
°C for the tempering temperature, respectively. Additionally, 1, 2 and 3 steps of tempering, each for
one hour, were different levels of tempering. These ranges were selected based on a comprehensive
review of relevant literature and the recommendations provided by the alloy manufacturer.
Specifically, these parameters were determined to meet the industrial application requirements of the
alloy, in order to cover the desired hardness values within the specified limits for such applications.
To increase the accuracy of the model at the center point, two replicates were also performed at the
center point of the design cube, where all the three parameters have a level of 0, and the reported
result for this condition is the average of the three values. Therefore, the following 15 experiments

were defined, as provided in Table 2.

Table 2 — Details of the designed experiments.

No Austenitizing Tempering Tempering
) temp (°C) temp (°C) steps
1 1040 500 1
2 1070 500 1
3 1040 550 1
4 1070 550 1
5 1040 500 3
6 1070 500 3
7 1040 550 3




8 1070 550 3
9 1040 525 2
10 1070 525 2
11 1055 500 2
12 1055 550 2
13 1055 525 1
14 1055 525 3
15 1055 525 2

Specimens of 10 x 10 x 10 mm? were prepared and the heat treatments were carried out at different
conditions using Nabertherm LH 60/14 furnace. The holding time for austenitizing was 30 minutes
for all conditions. Samples were oil quenched after austenitizing and tempered for different times,
each time for one hour, followed by air cooling. The heat treatment procedures are schematically

illustrated in Figure 1.

Temperature (°C)

Time (h)

Figure 1 — Schematic illustration of the heat treatment recipes.

Samples were then cut and grinded by SiC papers with different grit sizes. The final polishing was

done by 0.25 pm diamond suspension, and Nital 3% was used as the etching solution.

Microstructural analysis was performed by Zeiss EVO 15 scanning electron microscope (SEM)
equipped with Ultim Max EDS detector by Oxford Instruments. Thermodynamic simulations were
also performed by JMatPro software. Microhardness of the samples were measured by a VMHT 1200
Leica micro-Vickers hardness tester by applying 500 g force with a dwell time of 15 s. The volume
fraction of RA was measured by X-ray diffraction, using Pulstec n-X360s equipment with Cr cathode.

After directing X-rays onto the material’s surface, the diffraction patterns are collected and analyzed
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to determine the presence and quantity of specific phases, such as austenite and martensite. The
proportion of RA is then calculated by evaluating the relative intensities of the austenite peaks
compared to those of the other phases. The measurement was performed at three different locations

for each sample and the average value was reported.

The response surfaces and the effect of different heat treatment parameters on the hardness and RA
of the material were prepared and analyzed by Chemometric Agile Tool (CAT) software based on

R, a programming language for statistical computing.

3. Results and Discussion

3.1. Microstructural Analysis
Generally, the microstructure of the samples is characterized by the presence of primary and
secondary carbides within the martensitic matrix. However, austenitizing at higher temperatures can
lead to an increase in the grain size. The preliminary investigations, based on the intercept method,
showed that the average austenite grain size was about 11.3 + 0.2 um for samples that were

austenitized up to 1055 °C. By austenitizing at 1070 °C, the value increased to 12.2 £ 0.3 um.

The microstructure of the sample which is austenitized at 1040 °C and tempered at 550 °C for 3

steps is provided for reference, as shown in Figure 2.

Large and
B8 clongated carbides

% Fine and
spherical carhides

Figure 2 — SEM micrographs of sample 7 (austenitized at 1040 °C and tempered for 3 steps at 550 °C) at different
magnifications.
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As it can be observed, both relatively large and elongated primary carbides and fine and close to
spherical secondary carbides are present in the matrix. Table 3 provides the composition of these

carbides obtained by EDS analysis.

Table 3 — EDS analysis results (at.%) of the carbides found in the microstructure.

Location Al \4 Cr Mn Fe Nb Mo
1 0.08 6.14 47.88 0.50 39.89 0.13 5.38
2 0.73 7.71 5.35 0.14 30.47 46.13 9.49
3 0.26 4.89 46.69 0.43 43.11 0.07 4.54
4 1.57 2.29 8.78 0.42 68.71 13.24 4.99
5 2.26 0.25 6.86 0.64 88.37 0.02 1.60

In addition to Table 3, the EDS mapping, presented in Figure 3, shows that the big bright regions are
Nb carbides with some Mo contents. Additionally, the dark grey carbides are rich in Cr, V, Mo, and
Mn. Secondary carbides are precipitated during the tempering step as a consequence of a diffusive

transformation [29].

Figure 3 — EDS map of a region of sample #7.

Although sample was austenitised, the primary carbides did not fully dissolve into the matrix, as the
dissolution of primary carbides occurs at temperatures higher than around 1150 °C [30,31]. It is
reported that MC (rich in V and Nb), M¢C (rich in Cr, Mo, and V), M7Cs, and M23Cs (all rich in Cr

and Fe) can be found in the microstructure of quenched tempered K340 alloy [17,32].



Thermodynamic simulation made by JMatPro, Figure 4, also confirms the presence of these carbide
in the microstructure.
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Figure 4 — Thermodynamic properties calculation of the alloy used in the study with the measured chemical
composition.

3.2. Hardness Measurement

Microhardness measurements were done at five different locations for each sample and the average

values are reported in Table 4.

Table 4 — Microhardness values (HV) obtained for samples heat treated at different conditions.

Spal‘: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Hard 7595 7446 7772 7903 783.1 776.0 7319 7951 7659 7943 760.0 7752 7789 801.1 783.7
ness +4.7 +6.1 +4.8 +3.6 +53 +4.8 +2.3 +2.6 +4.5 +4.2 +3.5 +6.4 +5.8 +6.0 +4.5

The results showed that the hardness values varied between around 745 to 801 HV. To have a general
overview on how the combined time and temperature of tempering can affect the hardness of the
material, the Larson Miller Parameter (LMP) was used, which describes how the hardness is affected

by the heat treatment procedure. LMP is defined in Eq.1 as follows [33]:

LMP =T x[20+ log(h)] x 0.001 Equation 1

where T is the tempering temperature in [K] and h is the tempering time in hour. It is a very useful
way to illustrate the effects of temperature and time on the material properties during heat
treatment. The LMP combines time and temperature into a single parameter, allowing for the

estimation of how heat treatment impacts the microstructure and mechanical properties such as
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hardness, and ensuring more accurate predictions of material behavior under specific heat treatment
conditions. It can be claimed that increasing tempering time and temperature should result in higher
values of LMP. The LMP was calculated for samples austenitized at different temperatures, and was

plotted versus the hardness, as shown in Figure 5.

820

Austenitized at:
1040 °C
® 1055°C
A 1070°C

R = 0.97|

800

~

o]

o
1

Hardness (HV)
~
3
1

740

720 T T

Larson-Miller Parameter

Figure 5 — Plot of LMP against hardness at different austenitizing temperatures.

According to Figure 5, for all austenitizing temperatures, by increasing the LMP, the hardness tends
to increase to reach a peak value, followed by a decrease. The initial raise can be attributed to the
precipitation of secondary carbides and the occurrence of RA to martensite transformation. On the
other side, the following reduction can be the result of the formation of coarser precipitates occurring
at higher temperatures and of the softening of the martensitic phase. Coarsening happens when
smaller carbides start to dissolve in the matrix and their alloying elements diffuse through the matrix
to coarsen the larger carbides. The solubility of carbides and the atom mobility of the alloying
elements are important factors affecting the coarsening behavior, which is described by Ostwald
ripening model [34]. Precipitates with a longer average distance between them contribute less to the
hardening [35]. A similar trend was observed by Farahany et al. [32] and Lin et al. [36] by increasing
the tempering temperature of K340 and 0.63C-12.7Cr steels, respectively. Carbide coalescence can
occur when adjacent carbide particles merge to form a larger particle. This process is facilitated by

atomic diffusion at the carbide-carbide interface. Additionally, at high temperatures, atoms of
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carbide-forming elements (such as carbon, chromium, molybdenum, and vanadium) diffuse through

the matrix and further contribute to the growth of carbides [37].

The hardness drop is more severe when the material is austenitized at 1040 °C compared to other
austenitizing temperatures. Generally, when the material is austenitized at higher temperatures, more
RA would remain after quenching, which can be transformed to martensite after tempering.
Therefore, when the material is austenitized at higher temperatures the reduction in hardness (by
increasing tempering temperature and time) can be compensated more by having more austenite to
martensite transformation. Additionally, in the sample austenitized at a lower temperature, the initial
martensitic structure contains fewer alloying elements that strengthen the material during tempering.
These make the material more prone to significant softening during extended tempering, leading to a

more severe drop in hardness.

In general, austenitizing at higher temperatures led to higher peak hardness values. The same result
was observed by Rehan et al. [2] when 5 wt.% Cr cold work tool steel was austenitized at different
temperatures. This can be discussed by the fact that more of alloying elements can diffuse into the
austenite and a more uniform distribution of alloying elements and carbides can be obtained. In other
words, the dissolution of primary carbides, such as M7Cs, during austenitization introduces alloying
elements into the matrix. As a result, higher austenitization temperatures lead to the formation of
greater amounts of tempering carbides, which significantly contribute to the peak of secondary

hardening.

3.3. Surface Responses and Analysis
By using the CAT software, the effect of three variables on the material’s hardness can be
systematically investigated. Additionally, a model can be created which makes it possible to predict
the resulting hardness for any heat treatment procedure when the values of the parameters are selected

between the minimum and maximum corresponding values chosen in this work.

12



As depicted in Figure 6a, the austenitizing temperature had the most significant effect on the hardness,

followed by tempering temperature. Tempering step was also the variable which had the least effect

compared to the other two factors. Concerning the model calculations and its effectiveness (Figure

4b), it can be seen that the created model was relatively accurate as the predicted values are close to

the experimental ones having an R? = 0.90.
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Figure 6 — Plots showing a) the correlation of hardness with different variables and b) the goodness of fit of the model.

To have in-depth analysis of the correlation between the variables and the yield, surface responses

were plotted for different conditions. As austenitizing and tempering temperatures were the two main

affecting parameters, the effect of these two variables on hardness value at different tempering steps

was plotted and is illustrated in Figure 7.
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Figure 7 — Response surfaces showing the effect of austenitizing and tempering temperatures on hardness value when
the material is tempered for a) 1 step, b) 2 steps, and c) 3 steps.
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Comparing the graphs reveals that by increasing the tempering steps the maximum hardness achieved
has increased. As discussed earlier, this is due to the completion of martensitic transformation and
carbides precipitation. Furthermore, the impact of tempering temperature on hardness is more
significant when the material is austenitized at higher temperatures compared to when it is
austenitized at lower temperatures. Likewise, the effect of austenitizing temperature is not that
significant when the material is tempered at low temperatures close to 500 °C. Interestingly, the
hardness value tends to decrease by increasing the austenitizing temperature when the material is
tempered for just one step at 500 °C. The results suggest that secondary hardening is not activated at
low tempering temperatures and times, and descending in the hardness can be mainly attributed to
the increased content of RA in the microstructure of the material austenitized at elevated
temperatures. Additionally, grain coarsening of the austenite at higher temperatures can play a role
as well. The results showed that the peak of secondary hardening occurred at around 525 °C when
the material is austenitized at 1070 °C. When the material is tempered at 500 — 525 °C, the
precipitation of nano-sized carbides within the matrix increases the hardness. However, by increasing
the tempering temperature, these carbides coarsen and exert a lower impact on hardening of the

material. The secondary hardening is reported to start at 500 °C for D3 tool steel [21].

In all cases, the maximum hardness is achieved when the material is austenitized at 1070 °C.
Austenitizing at higher temperatures leads to an increased dissolution intensity of primary carbides,
such as M7Cs, and provides an austenite with more alloying elements available [2]. Therefore, more
secondary carbides are precipitated during the tempering, which provides a higher hardening peak.
These secondary carbides are contributing more to the hardening as they are coherent, fine, and

uniformly distributed in the microstructure.

Tempering of medium and high carbon steels at different temperatures results in the precipitation of
different carbides. It is reported that when these steels are tempered below 200 °C the precipitation

of ¢ carbides occurs [16]. By tempering within the ranges of 200 — 350 °C and 500 — 600 °C, M3C
14



and MC/MxC carbides will form, respectively [6,38]. It is also reported that tempering temperature
can affect the size of the carbides [39]. Therefore, the diminution of hardness by increasing the
tempering temperature can be due to the increase in the carbides size, which was discussed earlier in
section 3.1. Matrix softening was also observed when the tempering temperature of a 42CrMo4V

alloy was increased from 570 to 720 °C [40].

The DoE contour plot is commonly used to identify optimal settings that will either maximize or

minimize the response variable. Figure 8 shows contour plots at different heat treatment procedures.
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Figure 8 — Contour plots illustrating the correlation of austenitizing temperature, tempering steps, and hardness at
tempering temperatures of a) 500, b) 525, c) 550 °C and the correlation of tempering temperature and steps and
hardness at austenitizing temperatures of d) 1040, e) 1055, and f) 1070 °C.

Generally, a denser concentration of contour lines indicates a steeper gradient, showing that the
response is highly sensitive to changes in the factors in that region. Therefore, comparing Figure 8a

and b, it can be concluded that at a tempering temperature of 525 °C the hardness is more sensitive
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to the changes in the austenitizing temperature. The contour plots can also assist in identifying sets
of processing parameters that lead to the response variable reaching a predetermined target value. As
an example, according to Figure 8d, it can be seen that there is a range of tempering temperatures and

tempering steps that can be chosen expecting no change in the hardness value.

Based on the experimental results, statistical analysis, and the interactions between the variables
(austenitizing temperature, and tempering temperature and steps) the following model (Eq. 2) can be

generated:

H =78391+827X, + 456X, +3.67 X5+ 12.29 X, X, + 7.24 X, X5 — 11.94 X, X5 —

3.86 X? — 16.36 X2 — 6.04 X3 Equation 2

Where H is the hardness value in HV, X is austenitizing temperature, X> is tempering temperature,
and X3 is tempering steps. By using this model, with an acceptable accuracy, the hardness can be
estimated when any heat treatment procedure is applied within the defined range of the model
(austenitizing temperature: 1040-1070 °C, tempering temperature: 500-550 °C, and tempering steps:
1-3). However, it is worth noting that all X, values shall be first converted into -1 to 1 scale and then

replaced in equation 2 for hardness prediction.

3.4. Retained Austenite Analysis
In high alloy steels, the resulting microstructure after quenching from the austenitizing temperature
generally consists of martensite, carbides, and RA. According to the continuous cooling
transformation (CCT) diagrams plotted by JMatPro and given in Figure 9, with a high cooling rate
provided by oil quenching, the austenite transforms to martensite. However, having a martensite start
(Ms) temperature around 150 °C and a martensite finish (Mr) below the room temperature, some RA

will remain in the microstructure.
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Figure 9 — CCT diagrams of the alloy plotted by JMatPro.

It is stated that segregation of the alloying elements at grain boundaries or at interdendritic regions
further decreases the M temperature leading to the presence of RA in the microstructure [41]. The

RA is normally visible as brighter regions in an etched cross-section, as shown in Figure 10.

Figure 10 — LOM micrographs showing the RA in the microstructure of samples a) 6 (high amount of RA) and b)7 (with
low amount of RA).

It should be noted that some of the RA can be transformed to martensite during the polishing stage,
which can reduce the RA amount detectable by optical microscopy [42,43]. RA can influence the
mechanical properties of the material, such as hardness which is of interest in this study. The RA of
each sample was measured, and the results are provided in Table 5, and the debye rings and phase-

related peaks of two samples with low and high RA is presented in Figure 11.

Table 5 — The fraction of RA (in %) in the microstructure of the heat-treated samples.
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Sampl
e

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

128 208 35 102 139 210 13 25 100 165 190 25 169 104 132
R.A. + + + + + + + + + + + + + + +

0.2 06 04 05 0.1 0.1 01 04 03 0.2 03 02 0.1 0.1 0.6

(a)

(b)

Figure 11 — Representative XRD results of samples a) 7 with low RA and b) 13 with relatively high RA content.

It can be observed that the RA in the samples that are tempered at higher temperatures is generally
lower than that of the others. Higher tempering temperature causes the RA phase to undergo a
transformation to other phases, like martensite, upon cooling [44]. This transformation is driven by
the thermodynamics of the system, where higher temperatures provide enough energy to overcome
the stability of RA, causing it to decompose. This is also facilitated by increased carbon diffusion
out of the austenite, which leads to the precipitation of carbides and further destabilizes the RA.
Additionally, by comparing samples 9, 10, and 15, it can be concluded that increasing the
austenitizing temperature increases the amount of RA. To obtain more in-depth information about
how the three HT parameters can affect the RA, a new model was generated, and statistical analysis
was performed on the data. Figure 11a represents the residuals in fitting, which is the difference
between the experimental and fitted values. Generally, a good model should have residuals that are
small and randomly distributed, indicating that the model’s predictions closely match the observed
values. The results showed that the residuals are within the range of about 1.7, which suggests a
good fitting. Additionally, R? was measured to be 0.97, which also confirms the accuracy of the

regression model. Figure 11b illustrates how each factor and a combination of them contribute to
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the change in RA. The sign of a coefficient (positive or negative) indicates the direction and nature
of the relationship between factor and response, and the magnitude (absolute value) of a coefficient
reflects the strength of the effect the factor has on the response. Therefore, it can be concluded that
tempering temperature is the most significant factor affecting the content of RA in the
microstructure. Austenitizing temperature and tempering temperature squared are the next most-
affecting parameters. It can also be concluded that the amount of RA increases by increasing the
austenitizing temperature. However, increasing the tempering temperature or steps can lead to lower

fractions of RA.

(a) (b) .

00 05 10 15
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Coefficients
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|
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Sample number
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Figure 12 — a) Residuals in fitting (difference between the experimented and predicted values) and b) representation of
the significance of each HT parameter on the content of RA.

Austenitizing at higher temperatures results in a higher fraction of RA in the microstructure after
quenching as a result of lower martensite start and finish temperatures. During the process of
austenitizing, the primary carbides undergo partial dissolution, resulting in an increase in the
concentration of alloying elements in the austenitic matrix. Increasing the alloy content in the
austenite reduces the temperature at which the martensite transformation begins (Ms) and ends (My)
during the quenching process [2]. For certain types of steels, these temperatures may be significantly
higher than room temperature, leading to the development of a microstructure that is entirely
martensitic. However, in the case of medium and high alloyed steels, it is typical for the M¢

temperature to be lower than the ambient room temperature. Hence, substantial quantities of residual
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austenite are present in the microstructure after quenching, especially when the material austenitized

at relatively high temperatures.

Tempering the material initiates the precipitation of carbides. This reduces the carbon content of the
RA and according to the literature, the transformation of RA to ferrite and cementite, martensite, or
bainite occurs by tempering [16,44,45]. The transformation to ferrite and cementite happens
isothermally when the material is kept at the tempering temperature, and martensite or bainite can
form during cooling down from tempering temperature to room temperature. When there is a high
amount of RA in the microstructure, this transformation cannot be completed by a single tempering
step. Hence, it is necessary to subject the material to double or occasionally triple tempering
treatments to completely transform the RA. Additionally, tempering for longer times increases M

[30].

The RA content in the microstructure of this alloy is important. The RA is a relatively soft phase
which shortens the lifespan of the material when used as a tool. Additionally, this phase can be later
transformed into untempered martensite, which is fragile and micro-cracks can develop easily, and
affects the dimensional stability of the part [22,46,47]. Therefore, based on the requirements of the

material for each specific application, it is essential to control the volume fraction of the RA.

4. Conclusion

In this work, by using a face-centered central composite design, the effect of austenitizing and
tempering temperatures and tempering steps on the resulting hardness and RA fraction of K340 cold

work tool steel was studied. It can be concluded that:

1. Different heat treatment procedures resulted in a change in the hardness value, which ranged
from 732 to 801 HV. Austenitizing at 1040 °C and 3-step tempering at 550 °C resulted in the
minimum hardness value. However, the maximum hardness was achieved when the material

was austenitized at 1055 °C and tempered at 525 °C for 3 steps.
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2. The austenitizing temperature had the greatest influence on hardness, followed by the
tempering temperature. Among the three factors, the tempering step had the least impact. The
results indicated that higher austenitizing temperatures led to a higher peak in hardness values.
Additionally, increasing the number of tempering steps resulted in a further increase in the
maximum hardness achieved.

3. Hardness values increased with rising tempering temperatures up to a peak, attributed to the
precipitation of secondary carbides and the transformation of RA. Beyond this point, further
increases in tempering temperature resulted in a decrease in hardness. However, it is important
to note that factors beyond carbide behavior and martensitic transformation, such as grain
size, can also play a role in the resulting hardness.

4. Austenitizing at high and tempering at low temperatures resulted in about 21% of RA in the
microstructure. Almost no trace of RA was found when the material was austenitized at 1040
°C and tempered at 550 °C for three steps. Austenitizing and tempering temperatures had a
direct and inverse relationship with the fraction of RA, respectively. Additionally, having

more steps of tempering led to lower amounts of RA in the microstructure.

In summary, this work by providing a model which can estimate the hardness and retained austenite
of the material heat treated with different procedures facilitates designing new heat treatment recipes

based on the mechanical properties’ requirements.
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