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Abstract

AISI D2 is cold tool work steel and is used widely due to the advantages such as

its wear resistance, compressive strength and toughness.

When the literature is reviewed, it is observed that researches associated with the
effect of cryogenic treatment on residual stress are rather poor. Residual stress is
very important since this affects some properties such as fatique life, wear resistance,

crack propagation and stress corrosion which determine the service life of materials.

In this study, effect of the holding time at cryogenic temperatures on residual
stress of AISI D2 cold work tool steel is investigated. Results shows that tensile
residual stress on surface of AISI D2 steel decreases with cryogenic treatment and
subsequently turns into compressive residual stress on subsurface. While residual
stress value on surface of the specimen for holding time (t.;) of 24 h is 242.3 MPa in
axial direction and 172.5 MPa in tangential direction, and in specimen
conventionally treated is 321.5 MPa in axial direction and 316.8 MPa in tangential
direction. There is no significant difference between hardness values, but carbide
precipitation increases in specimen cryotreated for t.r=24 h. Apart from this, surface
roughness improves for cryogenic treatment. In comparison to conventional heat
treatment and cryogenic treatment at various holding times, t.;=24 h has better

results regarding residual stress, carbide precipitation, and surface roughness.

Keywords: AISI D2 steel, cryogenic treatment, residual stress, carbide precipitation,

surface roughness.
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Bu c¢aligsmada, farkli bekletme siirelerindeki kriyojenik islemin AISI D2 ¢eliginin
kalint1 gerilmelerine, sertligine ve mikro yapisma etkisi aragtirilmistir. Ayni
zamanda, taslanan numunelerin yiizey pirilizliligiindeki degisim incelenmistir.
Klasik 1s1l islem ve diger bekletme siireleri ile karsilastirildiginda, 24 saat bekletme
stiresi, kalint1 gerilme, karbiir dagilimi1 ve yiizey piriizliligii agisindan daha 1yi

sonuglar vermistir.

Anahtar kelimeler: AISI D2 ¢eligi, kriyojenik islem, kalmt1 gerilme, karbiir dagilima,

yiizey plriizliligi
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CHAPTER 1

1. Introduction

Reducing the production cost and the growing demand for higher productivity
requires researches oriented to enhance the tool life and performance. Current studies
are carried out for developing new materials beside the already existing ones by
changing the production methods for engineering particles with longer service life
(Das et al., 2009a). An increase in the service life of the tools, not only decreases the
cost but also the downtime, thus it paves the way for a growth in productivity (Das
and Ray, 2012a).

AISI D2 steel which is a cold work tool steel is used in this study. Because of its
cost and features, AISI D2 has been widely used in press forming dies (Gauthier,
1995). The reasons for choosing this type of a steel can be listed as follows:

() AISI D2 steel is one of the most widely used cold work tool steel especially in
trimming knives, slitting cutters and in punching, drawing, coining and blanking dies
(Pan et al., 1998; Sen et al., 2001).

(i) AISI D2 steel is one of the most widely used materials of tool/die steels the wear
resistance of which is searched in subzero treatment (Das et al., 2008).

(iii) The improvement degree for wear resistance of tool/die steels subjected to

cryogenic treatment is quite high for AISI D2 steel (Das et al., 2009Db).

Research works performed in the last two decades have proved that the service
life of tool/die steels can be immensely enhanced by applying cryogenic treatment to
engineering materials after conventional hardening and tempering (Das et al., 2009c¢).
Sub-zero treatments are generally divided into two as cold treatment (193-223 K)
and cryogenic treatment (77-193 K). Cryogenic treatment is further classified into
two as shallow cryogenic treatment (113-193 K) and deep cryogenic treatment (77-
113 K) (Das et al., 2009). Temperature values of deep cryogenic treatment between

77-148 K are accepted to be among the values and these are also presented in the



researches (Collins, 1996; Collins and Dormer, 1997; Moore and Collins, 1993; Yen,
1997).

The material in cryogenic treatment is cooled in sub-zero temperatures and is held
under this temperature for a certain period of time then the temperature is turned
back to room temperature. The aim of cryogenic treatment is to get the desired
features from the material by making permanent changes in the micro structure of the
material with minimun negative effect (Thornton et al., 2011).

In tool/die steels containing high carbon and alloy elements, martensite finish
temperature falls under the surrounding temperature. Conventional hardening
treatment results in retained austenite in undesired quantities. As retained austenite is
a soft phase, it negatively affects wear resistance and toughness of materials (Roberts
et al., 1998; Thelning, 1984). For this reason, the main purpose of heat treatment for
tool/die steels is to decrease the retained austenite to a minimum degree or to
eliminate it completely (Das et al., 2009a, 2009c, 2009d, 2009¢e, 2010a, 2010b; Das
et al., 2007; Das and Ray, 2012a, 2012b; Das et al., 2009; Das et al., 2010).

On the other hand, the martensite transformation of austenite, causes dimensional
changes and deformity in particles (Roberts et al., 1998; Thelning, 1984). These
deformations seen in crystal structure are due to increase in volume by 4%
(Popandopulo and Zhukova, 1980). In the studies carried out so far, it is seen that the
quantity of retained austenite in AISI D2 steel is decreased by cryogenic treatment
(Das et al., 2009a, 2009c, 2009d, 2009¢, 2010b; Das et al., 2007; Das and Ray,
2012a, 2012b; Das et al., 2009; Das et al., 2010; Oppenkowski, et al., 2010) and
nearly all is removed by deep cryogenic treatment (Das et. al, 2009d, 2010a; Das and
Ray, 2012b).

The effect of sub-zero treatments and tempering numbers on retained austenite,
applied in various degrees and holding periods for AISI D2 steel in -90 °C,-120 °C
and in -150 °C for 25 minutes and in -150 °C for 24 hours is analysed. The amount of

retained austenite is decreased to 1% after single tempering treatments applied as a



continuation to sub-zero treatments. No change in the amount of retained austenite

was seen in tempering treatments carried out more than once (Surberg et al., 2009).

Besides it is seen that in cryogenic treatment, the amount of secondary carbides in
microstructure of AISI D2 steel increases and a more dense distribution happens
(Das et al., 2009a, 2009c, 2010a, 2009d, 2009e, 2010b; Das et al., 2007; Das and
Ray, 2012a, 2012b; Das et al., 2009; Das et al., 2010). In deep cryogenic treatment,
in comparison with conventional heat treatment, cold treatment and shallow
cryogenic treatment, a denser and a more homogeneous secondary carbide
distribution is observed (Das and Ray, 2012a; Das et al., 2010b; Das et al., 2009).

Sub-zero treatments does not only affect the amount of retained austenite in steels
but it also affects the decomposition of martensite, changing the precipitation
behaviour of secondary carbides (carbides smaller than 5 pm) during tempering.
Among sub-zero treatments, the effect on carbide distribution increases with cold
treatment, shallow cryogenic treatment and deep cryogenic treatment, respectively.
High density crystal defects like dislocations occurs in martensite during sub-zero
treatments. Because of the transformation of austenite to martensite and various heat
decrements of phases, high internal stresses happen. An increase in these effects is
observed, because the heat of sub-zero treatment decreases due to the transformation
of austenite to martensite rather than the increase in heat decrements (Das et al.,
2009a, 2010a; Huang et al., 2003).

In low temperature, martensite is more saturated and this respectively increases
lattice deformations and thermodynamic instability which causes the carbon atoms to
split into fault of clusters. These clusters becomes cores to form carbides when there
is enough heating or during tempering. The number of atomic clusters increases
when the temperature of sub-zero treatment decreases and when the holding period
in the lowest temperature lengthens. Thus, decomposition of martensite will be faster
with cold treatment, shallow cryogenic treatment and deep cryogenic treatment,
respectively and as a result more carbide precipitation will be gathered again with the
same order (Das et al., 2009a; Huang et al., 2003; Das et al., 2010a). In steels with



cryogenic treatment, crystal defects in high densities are observed in experiments
(Yun, 1998; Rhyim, 2006), therefore, this suggestion is supported by the necessity of
long holding periods to benefit from cryogenic treatment (Mohan Lal et al., 2001;
Collins, 1996; Collins and Dormer, 1997; Das et al., 2009¢; Surberg et al., 2008).

Mohan Lal et al. (2001) and Yun et al. (1998) showed that in deep cryogenic
treatment, retained austenite turned into martensite and fine carbides precipitated
while the martensite was broken into pieces. Huang et al. (2003), indicated that
cryogenic treatment did not only enable carbide formation but it also increased the
density and volumetric proportion of carbides in martensite matrix of M2 steel.
Besides Huang et al. (2003) proved that cryogenic treatment generated a more
homogenous dissipation. Paulin (1993) analysed the effects of fine precipitated
carbide particles on the properties of tool steel. It was found indicated that fine
carbide precipitation increased wear resistance and decreased the internal stress in

martensites and thus the sensitivity of micro cracks decreased at the same time.

According to Rhyim et al. (2006), cryogenic treatment increased the necessary
power for carbide nucleation and enabled more and finer carbide precipitation and as
a result toughness increased which in turn increased wear resistance. Collins and
Dormer (1997) reported that when the holding period of cryogenic treatment applied
to AISI D2 steel was increased, the density of fine carbides would also increase. Yun
et al. (1998) suggested that longer holding periods were required for fine carbide
precipitation. Different from the transformation of retained austenite to martensite,

the formation of fine carbide is a situation which depends on time.

Meng et al. (1994), analysed the structure of AISI D2 steel which went through
conventional heat treatment, cold treatment and deep cryogenic treatment. In
specimens on which deep cryogenic treatment was applied, n-carbide (eta carbide)
was seen in specimens, precipitated in the shape of very thin bar. However no
carbide precipitation was detected in specimen to which conventional heat treatment
and cold treatment was applied. In both of these two treatments, carbon-rich and

carbon-poor regions were seen because of spinodal decomposition of martensite.



Nevertheless, n-carbides, as in tempering AISI D2 steel for 30 minutes in 180°C
(453 K) (Meng et al., 1994) are formed in the initial tempering of hardened steel
(Cheng et al., 1988; Cheng et al., 1991; Taylor et al., 1989). These researches
(Unterweiser et al., 1987) applied tempering temperatures below the temperatures
suggested for AISI D2 steel (between 205-540 °C (478-813 K)). In the researches,
not any eta carbides was seen in the same steel to which sub-zero heat treatments was
applied (Das et al., 2007; Das et al., 2009; Collins and Dormer, 1997; Rhyim et al.,
2006) and not applied (Tiziani and Molinari, 1988; Fukaura et al., 2004) for higher
temperatures and longer tempering periods than those of Meng et al. (1994). As eta
carbides are instable, they transform into cementite or to alloy carbides which are
more stable in tempering treatments (Reed-Hill and Abbaschian, 1992; Das et al.,
2009; Cheng et al., 1988; Taylor et al., 1989; Rhyim et al., 2006).

There are a limited number of studies with contradictory results on the hardness
of tool/die steels depending on the holding period in cryogenic treatment. Kamody
(1993), claimed that the holding period did not affect macro hardness, however
Moore and Collins (1993) asserted that hardness was affected in accordance with the
chemical structure of the steel used. Also as the holding period is prolonged,
hardness of H13 steel increases but it does not change in Vanadis-4 and D2 steels. In
contrast, Collins and Dormer (1997) proved that together with the holding period
hardness of AISI D2 steel increased and the degree of recovery and the type of
variance were in relation with austenitizing temperature. Yun et al. (1998) applied
cryogenic treatment to AISI T1 and M2 steels for 24 and 48 hours and in 48 hours

holding period he recorded 0.2 HRC variance in hardness.

Molinari et al. (2001), reported that deep cryogenic treatment, in comparison with
conventional heat treatment, increased the hardness of AISI M2 and H13 steels by
5.8% and 3% respectively. Baldissera and Delprete (2008) indicated that the
hardness of steel 18NiCrMo5 increased by 4.1% increment by means of deep
cryogenic treatment in comparison with conventional heat treatment. The 3,1% and
1,6% increment in hardness of 4340 steel occurred in accordance with tempering

temperature (Zhirafar et al., 2007). Nevertheless, in sub-zero treatments, there are



different ideas about the changes of hardness in relation with heat. Akhbarizadeh et
al. (2009) reported that the improvement in the hardness of D3 steel was more in
deep cryogenic treatment in comparison with cold treatment and the same result was
also gathered in En 31 steel by Harish et al. (2009). On the contrary, Bensely et al.
(2005) pointed that not any improvement was seen in the hardness of En 353 steel in
cold and deep cryogenic treatment in comparison with conventional heat treatment.
Collins and Dormer (1997) reported that in sub-zero treatments when the temperature
decreased to -80 °C (193 K) the hardness increased but no changes in hardness
appeared in temperatures lower than this one. On the contrary, Moore and Collins
(1993) showed that hardness in shallow cryogenic treatment applied in -140°C (133
K) is higher than the hardness in deep cryogenic treatment applied in -196°C (77 K)
and in cold treatment applied in -80°C (223 K).

The opponent reports, about the variance in hardness of tool/die steels under
different sub-zero treatments, is thought to be formed by the changes in parametres
of sub-zero treatments together with the parameters of tempering and hardness
treatments. The effect of parameters of sub-zero treatments such as the holding
period at the lowest temperature has been the subject in some researches (Das et al.,
2009c, 2009e). Furthermore, it is known that the hardness of tool/die steels depends
on the amount, dimension and dispersion of primary and secondary carbides and on
retained austenite and tempered martensite phases (Roberts et al., 1998; Thelning,
1984; Red-Hill, 1992). These properties are affected by (i) austenitizing temperature
and duration (ii) quenching (iii) tempering temperature and duration and besides the

number of tempering (Das et al., 2010a).

The number of studies, about the already mentioned parameters on the
microstructure components and mechanical properties of steels, is quite few. Collins
and Dormer (1997) searched for the effect of austenitizing temperature on the
hardness and microstructure of AISI D2 steel to which conventional heat treatment
and different sub-zero treatments were applied. As austenizing temperature increase,
the hardness difference between conventional heat treatment and deep cryogenic

treatment increased. This increment in austenitizing temperature also caused an



increase in retained austenite amount. Surberg et al. (2008) also obtained the same
results in his study. The concurrent increment in austenitizing temperature of tool/die
steels with the increase in the amount of retained austenite is a familiar situation
(Roberts et al., 1998; Thelning, 1984; Reed-Hill, 1992; Bowes, 1974; Das et al.,
2007; Carlson, 1990). High austenitizing temperatures cause a further dispersion of
primary carbides, and increase the alloy elements and the level of carbon in austenite
phase. Thus it increases the stability of austenite or lowers the martensite finish
temperature. Therefore the degree of martensite transformation of austenite with
hardening treatment would be lower and as a consequence the amount of retained

austenite in hardened steels would be higher.

Surberg et al. (2008) also analysed the effects of sub-zero treatment temperature
and the number of tempering on the amount of retained austenite in AISI D2 steel.
For higher austenizing temperatures, as a consequence of hardening with sub-zero
treatments (rather than conventional heat treatment) applied by cooling down to -120
°C (153 K), although a significant decrease in the amount of retained austenite is
seen, it has not been effective on transforming the entire austenite to martensite. To
transform the entire retained austenite, double-tempering is necessary in
conventional heat treatment, whereas single-tempering is required in specimens with

sub-zero treatments (Surberg et al., 2008).

Rhyim et al. (2006) analysed the effect of tempering temperatures to hardness and
microstructure of AISI D2 steel to which conventional heat treatment, cold treatment
and deep cryogenic treatment was applied. When hardened specimens are tempered
in high temperatures, he mentioned that both sub-zero treatments did not have any
different effect on retained austenite than conventional heat treatment. The increment
in tempering temperature decreased the hardness of AISI D2 steel which is hardened
by various treatments, but the change in hardness was different both for deep
cryogenic treatment and for conventional heat treatment. For this reason, optimal
parameters for various types of sub-zero treatments and conventional heat treatment

are different.



Das et al. (2007) indicated that cryogenic treatment in comparison to conventional
heat treatment provide 5% increase in hardness of AlISI D2 steel. But there was no
significant difference between holding times for 36 h and 84 h. Deep cryogenic
treatment in comparison to other sub-zero treatments (shallow cryogenic treatment
and cold treatment) ensure optimal improvement in hardness. Increase in hardness
was %8.1 according to conventional heat treatment (Das et al., 2010a). Bensely
(2010) suggested that variation in harness of specimens cryotreated was negligible.

The effect of sub-zero treatments in wear resistance of tool/die steels has been
studied on a large scale recently and it is particularly seen that a significant increase
takes place with deep cryogenic treatment (Das et al., 2010b; Das et al., 2007). Wear
resistance has increased because of cryogenic treatment which decreased the amount
of retained austenite and improved the secondary carbide precipitation (Das and Ray,
2012a, 2012b; Das et al., 2009c, 2009d, 2010b). Different holding times (0, 12, 36,
63, 84 and 132) in deep cryogenic treatment (77K) applied to AlISI D2 steel is done
to find the best holding time for wear resistance. The improvement in wear resistance
is associated with the density and size of carbide particles (Das and Ray, 2012a; Das
et al., 2009c) and with toughness of the material. It is found that optimum holding
time is 36 hours (Das et al., 2009c, 2010b; Oppenkowski et al., 2010).

Furthermore the effect of cryogenic treatment temperature on wear resistance of
AISI D2 steel was studied and it is reported that lower temperatures are better in
improving the wear resistance (Das et al., 2009d, 2010b; Das et al., 2009). The
degree of improvement in wear resistance in ascending order is as follows:
conventional heat treatment, cold treatment, shallow cryogenic treatment and deep
cryogenic treatment (Das et al., 2009d, 2010b). A better improvement is observed in
wear resistance when the amount of austenite is minimum and the amount of
secondary carbide is more and denser in deep cryogenic treatment (Das et al., 2009d,
2010b; Das et al., 2009).

Tool life and wear resistance of D3 and M2 steels were analyzed by applying

cryogenic treatment (6 and 24 hours). It is observed that the holding period is a much



more effective parameter than cooling down the temperature in cryogenic treatment
(Mohan Lal et al., 2001). It is seen that the wear resistance of AISI D2 steel has
increased in 77 K as with the holding time. In addition, an increase in the holding
time also caused an increase in the precipitation of fine carbides (Collins and
Dormer, 1997). Again, in a study in which the effect of holding time was analysed, it
is reported that intensive carbide dissipation is a structure formation of which is
based on time (Yun et al., 1998).

Taguchi method is used in determining the main factors of cryogenic treatment
affecting the wear resistance and mechanical properties of powder metallurgically
ally produced cold work tool steel AISI D2. Austenitizing temperature, cooling rate,
holding time (0, 1, 5, 24, 36, 48, 72 hours), heating rate and tempering temperature
are the factors studied. It is seen that austenitizing and tempering temperature are the
most distinctive parameters affecting the properties of tool steel (Oppenkowski et al.,
2010).

Fracture toughness is an important property of tool/die steels. Because the wear
resistance of these types of steel is not only based on toughness but also it is based
on fracture toughness. In addition, some of the most common faults in tool/die steels
like chipping, galling and cracking, can be controlled with fracture toughness (Das et
al., 2010). When the various sub-zero treatments applied to AISI D2 steel (cold
treatment, shallow cryogenic treatment, deep cryogenic treatment) are compared
with conventional heat treatment, it seen that the fracture toughness increases with
deep cryogenic treatment (Das and Ray, 2012a; Das et al., 2010). Besides, this
increment in fracture toughness is attributed to the increment in ductility of the
matrix, together with the refined carbide distribution (Das and Ray, 2012a; Das et al.,
2010) and decrease in the amount of retained austenite (Das ve Ray, 2012a). In an
other related study, a significant difference was not observed in the fracture
toughness of both cryotreated and noncryotreated AlSI D2 specimens (Oppenkowski
et al., 2010).



It is known that failures in service conditions originate from surfaces by means of
mechanisms such as wear resistance, fatique crack, corrosion, and erosion.
Therefore, determination of suitability of surfaces has a great importance. Surfaces
both obtained with machining and problems caused by working with raise the
importance of this subject (Akdogan, 2005).

Surface roughness for forming members such as dies working in serious
conditions is a property which must be took into account. It is known that surface
roughness of a forming member affects the material (Akdogan, 2005).

Stress values can be cause to crack even above tensile and yield strength. The
reason is fatique. At the head of the factors effecting fatique comes surface
properties. Smoother surface provides a higher fatique strength (Akdogan, 2005).

Surface roughness is an important case that effects the factors such as friction,
lubrication, heat and electrical conduction in the service conditions. (Choudhury and
Bajpai, 2005; Ozay et al., 2011).

In a research, it was examined the effects of conventional heat treatment, shallow
cryogenic treatment and deep cryogenic treatment applied to En 353 steel on
grinding. It was also seen in the micrographs taken by optical microscope that
untempered specimens of shallow cryogenic treatment and deep cryogenic treatment
have surface cracks which cause miserable effects in terms of component life.
Formation of surface cracks on surfaces of untempered specimens was explained
with that transformation of retained austenite to martensite render the structure brittle
in the components exposed to low temperature. Specimen tempered and
conventionally treated is more brittle than specimens tempered and sub-zero treated

because of the less precipitation of carbides (Bensely et al., 2008).
Recently, material scientists and engineers have made an effort to increase the

fatigue life and impact properties of metals by creating a compressive residual stress

on the surface of the metals. Residual stress is the stress observed within the material
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when other stress causing factors like heat change and external forces are eliminated.
Residual stress occurs due to irregular plastic deformation during cold treatment,
shot peening, surface hammering, welding, grinding, phase transformations and high
heat transformations. Taking the residual stress in steels into account is quite
significant for particle design and this provides and improvement not only in fatique
resistance but also in dimensional stability of the materials (Senthilkumar et al.,
2011).

In a study, the effect of shallow cryogenic treatment (-80 °C, 5 hours) and deep
cryogenic treatment (-196 °C, 24 hours), on residual stress, applied to 4140 steel, is
examined. As the cryogenic treatment temperature decreases more austenite is
transformed to martensite and the most compressive residual stress is seen in
untempered deep cryogenic treatment. While tensile residual stress takes place in
conventional heat treatment and shallow cryogenic treatment, compressive residual

stress occurs in deep cryogenic treatment (Senthilkumar et al., 2011).

In a study where En 353 steel was used, the effect of shallow cryogenic treatment
(-80 °C, 5 hours) and deep cryogenic treatment (-196 °C, 24 hours) on residual stress
in comparison with conventional heat treatment, was examined. Results showed that
tempering applied after deep cryogenic treatment, decreased the residual stress. The
reason of this decline is associated with the amount of fine carbide precipitation

which is more in deep cryogenic treatment (Bensely et al., 2008).

Bensely (2008), proved that when tempering is applied after deep cryogenic
treatment, residual stress will decrease because of more fine carbide precipitation.
However neither the types of carbides are identified and nor numerical measurement
about the change in carbide content is made. For this reason it is not possible to
establish a connection between the impact of sub-zero treatments on the micro
structure of the material and mechanical properties like toughness and hardness,
directly affected by micro structure. Besides, efforts to relate the effects of sub-zero
treatments to the changes obtained about the wear resistance and fatigue, did not bear

any results. Because as it is known, toughness, hardness and surface residual stress
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can affect fatigue or wear resistance, therefore, these properties are controlled by
other mechanical properties. For example, in both treatments while the values of
toughness, hardness and compressive residual stress are exactly the same, with deep
cryogenic treatment, rather than cold treatment, it is quite difficult to explain the 97%
increase in the fatigue life.

In an other study, the impact of grinding/polishing process on the fatique
behavior of surface residual stress of AISI D2 steel produced by ingot metallurgy
was examined (Sohar et al., 2008). There are also some studies about the
measurement of residual stress on surface coating of AISI D2 steel (Huang et al.,
2008; Imamura et al., 2007). It is seen that increasing TIN coating thickness,
decreases residual stress (Imamura et al., 2007). As both the features and the effects
of cutting performance of AITICrN/TiSICN bilayer coating applied to AISI D2 steel
was examined and as TiSICN mono layer coating comprises high compressive
residual stress, the cutting performance was affected negatively. The necessity of
AITICrN layer where the stress had decreased was emphasized (Imamura et al.,
2007).

Electrical discharge machining is a common method used both in processing
metals and alloys and in die and space industries (Guu and Hocheng, 2001). This
method causes tensile residual stress on the processed surface of the material (Guu
and Hocheng, 2001; Guu et al., 2003)l. As EDM has a harmful effect on fatique
resistance, it is observed in the experiments that coating AISI D2 steel with TiN,
either lessens the tensile residual stress or forms a compressive residual stress on the
surface (Guu and Hocheng, 2001). Residual stress on AISI D2 steel, caused by
LEHCPEB (low-energy high-current pulsed electron beams) a recently developed
surface hardening method, is examined. This process changes the compressive
residual stress on the surface layer of ferrite to tensile residual stress and this change
is explained by phase transformations and deformations caused by heat stress (Zhang
et al., 2013).
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There is not any study in the literature examining the effects of cryogenic
treatment on residual stress applied to AISI D2 tool steel. The unique importance of
this study is that it examines the effects of deep cryogenic treatment in various
holding times on residual stress which directly influences the service life of the
material. In this study, in addition to the previous ones, residual stress, retained
austenite, microstructure, toughness and surface roughness for various holding times
between 0-24 hours is analyzed and optimum holding time is specified by analysing
the relation of these parameters with residual stress. The reason for the usage of AISI
D2 steel in industry is to improve the service life of the material under more

economical conditions.
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CHAPTER 2

DESCRIPTIONS

2.1 Cryogenic Treatment

One of the main problems of conventional heat treatment composed of hardening
and tempering is that it is soft and instable and moreover, in low temperatures it
contains retained austenite (yz) which turns into martensite having harder structure.
To eliminate the retained austenite, either sub-zero treatments or multiple tempering
processes are applied by holding the material under high temperatures for an
extended period of time (Das et al., 2009c¢).

Applying sub-zero treatments to tool steels was first introduced by Scott in 1920
(Scott, 1920). Sub-zero treatments also gained recognition in industrial fields and
they recently have a prominent importance in heat treatments of tool/die steels (Das
et al., 2007).

Up to now, dry ice has been used as a means of cooling and it has been commonly
named as cold treatment (193-223 K). With the help of the efforts in the last two
decades, liquid nitrogen has been used as a means of cooling. Thus as the
temperature decreased more, improvements in mechanical properties like wearing
resistance are obtained (Bowes, 1974; Das et al., 2007; Carlson, 1990; Barron, 1982;
Mohan Lal et al., 2001). This type of a sub-zero treatment is named as cryogenic
treatment (77-193 K) (Bowes, 1974; Carlson, 1990; Das et al., 2009).

After applying cryogenic treatment at martensite finish temperatures below 0 °C to
some steels like plain carbon steel containing more than 0.6% carbon, significant
improvements were seen in some service features like toughness, fatique life and
wear resistance. It would not be right to relate these apparent improvements only
with the increase in martensite in response to the decrease in retained austenite

(Hotten et al., 2002). Following the cryogenic treatment, a notable increase is seen in
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the service life of tools, punches, drill bits, end mills, bearings, cams, crank shafts
and pistons (Baldissera and Delprete, 2008).

In a study carried out in Gh Asachi Technical University and in Lousiana Technic
Institute in Romania it is stated that, in addition to the transformation of austenite to
martensite, cryogenic treatment causes the following effects (Hotten et al., 2002):

(i) Appropriate redistribution martensite carbide phases of alloy elements,

(if) Too much precipitation of alloy carbide elements with very small dimensions

(smaller than 1 pm),

(iif)Appropriate redistribution of residual stresses.

At the time of cryogenic treatment, a 4% increase in the volume of metal matrix is
observed with the shift of retained austenite to martensite. The dilation of metal
matrix, increases the dislocation density. Following this, the carbon atoms in the
metal gathers round through dislocations and carbon rich regions are formed (Farhani
etal., 2012).

2.2 Residual Stress

Residual stress is defined as the stress system which occurs in an object when all
the external forces are removed (Kafkas, 2001). Even if a machine element is
produced without any residual stress, residual stress can be observed especially in
service conditions where variable loading happens. For this reason a design engineer
has to take all these types of stresses into account (Varol and Bedir, 1993). Residual
stresses are elastic stresses. The maximum value of a residual stress is limited with
the yield stress of the material. When the stress exceeds this value, unless there is a
force in reverse direction, material deforms itself till the yield stress values is
obtained. In other words, the value of residual stress decreases together with the
plastic deformation (Varol and Bedir, 1993).

Changes in the volume is seen on the surface region of the work piece after the
hardening treatments (Varol and Bedir, 1993). The main cause of the thermal based

residual stress is the different dilations which happen when a metal is cooled
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immediately after it is heated. In full or surface hardening processes, internal stress is
induced as there are various temperatures in different parts of work piece. Because of
that during this process, as a natural outcome, the cooling rate of outer surface
regions is higher in comparison with inner regions. Besides residual stress is also
observed as a result of phase transformations (Diilek, 2002; Kafkas, 2001, Varol and
Bedir, 1993).

Stress on the material is described as normal stress vertically affecting the surface
and shear stress affecting the surface in a parallel manner (Figure 2.1). If the sign of
the normal stress is negative it is defined as compressive stress and if it is negative
than it is defined as tensile stress. Compressive residual stress tries to push the
material whereas tensile residual stress forces the material to separate by pulling it
(Skalli and Flavenot, 1985).
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Figure 2.1. Stress components in a material.

Generally, residual stresses are classified into three in accordance with greatness

of the affected area:

1. Order (Macro) Residual Stress

16



This type of residual stress affects greater areas on the material and causes
dimensional changes (Withers and Bhadeshia, 2001a). They appear as a result of
many thermo mechanical and mechanical processes including machining, welding,

heat treatment and coating as (Hanabusa et al., 1985; Macherauch, 1987).

2. Order (Micro) Residual Stress

Covers one piece or a part of a piece and are formed between different phases.
They appear as a result of deformations caused by biphasic materials having both
different yield point and work hardening (Hanabusa et al., 1985; Macherauch, 1987).
Furthermore, they can be formed during heat treatments due to uncompleted
transformation of two phases with different specific volumes (Macherauch, 1987).

3. Order (Micro) Residual Stress

Effective in several atomic distance within the piece and are balanced in a tiny
part of the piece (Lu, 1996). They appear as a result of structural deformations
including dislocations (Macherauch, 1987). First fatigue cracks, seen in machine
elements subjected to variable loads, originates from this type of stress in crystals

(Withers and Bhadeshia, 2001b). Macro and micro stresses are shown in Figure 2.2.
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Macro stresses = 'd
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Figure 2.2. Different kinds of residual stress (Skalli and Flavenot, 1985).
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If impact areas of residual stress are described dimensionally, the following
approach is accepted (Withers and Bhadeshia, 2001b):

e 1. Order residual stress impact area ~ dimensional size of the material

e 2. Order residual stress impact area ~ 3-10x average piece size

e 3. Order residual stress impact area < average piece size

In order to demonstrate the link between these three groups of residual stress, let
us assume a plate which is plastically deformed. When the loading is over,
deformation toughness of a piece, in comparison with the other one, and deformation
toughness of the surface (in comparison with the inside) will form a micro stress
system together with nonhomogeneous yielding and dislocation yielding. Simplified
schematic view of the residual stresses is given in Figure 2.3. Continuous lines with
frequent oscillation signify second and third degree residual stresses. Dotted lines
between a-b and c-d signify compressive stress, and between b-c they signify macro

stresses with tensile stress (Lu, 1996).

Compressivel Tensile

Specimen Thickness
Figure 2.3. Macro stresses in a layer (continuous lines) and micro stresses (dashed lines) (Lu,1996).
Formation of residual stresses results from (Lu, 1996):
(i) Plastic deformation or forming including rolling, drawing, extruding,

bending, forging, pressing, shot peening ve laser shock.

(ii) Welding, coating (electro deposition, PVD, CVD), and machining.
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(iii) Quenching, laser and plasma heat treatment, case hardening, ion plating, and
combinations of there treatments, casting, and cooling of multiphase

materials.

2.2.1 The effect of residual stress on working performance

Tensile residual stress decreases the working performance of the materials.
However, it is known that the fatigue life of compressive residual stress has
beneficial effects on crack propagation and stress corrosion. In fact, residual stress
can be taken as static loads in elastic range. Residual stress relaxes in the elastic
range (Lu, 1996). Superposition rule of various stresses can be defined as follows:

On a stress plane, if a material specimen imposed residual stress defined with oy
vector is considered and if the imposed stress on the same point of the plane is
superposed with a,the real stress g, imposed on the specimen is shown with the
following vector:

Oy = 04 + 0p Equation 2.1

In Figure 2.4, collision of residual stress and stress imposed to the material in
bending fatigue test with the material the surface of which was previously hardened

or shot peened, is given.

y
|
|

On=0r+0a

Figure 2.4. Superposition of residual stress and applied stress (Lu, 1996).
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o, stress distribution occurs in the particle exposed to bending moment. This
stress should be added to the already existing stress of g particle. Thus, the real

stress distribution of the particle gy is the sum of these two residual stresses.

Residual stress can be relaxed with heat and mechanical treatments. The
relaxation in residual stress is in relation with many complex interactions like
amplitude, heat, initial residual stress, the structure and mechanical properties of the
material (Lu, 1996).

Induction hardening process can cause compressive residual stress which
improves the fatigue strength of mechanical parts. Residual stress is extremely
important for stress corrosion. Compressive residual stress caused by shot peening
can notably increase the stress corrosion behaviour of the processed material (Lu,
1996).

The performance of the material which went through heat treatment, mechanical
treatment and other loading types is in relation with the residual stress formed during
the production method. In some cases parts consisting the least residual stress are
better. In other cases to improve the mechanical behaviors like fatigue compressive
residual stress is needed on the surface of the material. For this reason the
measurement of residual stress is quite significant. The level of residual stress, in
proportion to the load applied, is important. Being aware of the residual stress
situation of the material provides convenience for stress analysis in mechanical
particle design. As a result, residual stress behaves like an average stress and effects
the mechanical properties of the material like brittle fracture, fatigue, stress and

fatigue corrosion (Lu, 1996).

2.2.2 Measurement Methods for Residual Stress

These methods, also called as mechanical methods, depend upon measuring the
deformations of the material during or after stress which is done on purpose by

removing the material to allow stress relaxation (Rithers and Badeshia, 2001). In
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these methods, first a new stress is created by removing the material from the piece
analysed and then by measuring the displacements, local change in the stress is
identified. Finally, residual stresses are calculated with the help of elasticity theory
(Ekmekci, 2004). These measuring techniques are sensitive to macro residual
stresses.

The process is finalized as follows (Lu, 1996):
(1) Formation of stress by processing or layer removal,
(ii) Determining the local change in the stress by measuring the deformations or
displacements,
(iii) Calculating the residual stress by elastic theory as a function of measured
deformation (analytical approach or finite element calculations).

Most widely used destructive methods can be defined as follows:
e Layer Removal method
e Hole Drilling method
e Ring Core method
e Sectioning method
e Crack Compliance/Slitting method

e Contour method

The second series of these methods are non-destructive methods. These depend on
physical or crystallographic parameters and the relation of residual stresses. Most
widely used non-destructive methods are as follows:

e X-Ray diffraction method

e Neutron diffraction method

e Ultrasonic method

e Magnetic Barkhausen Noise method

e Raman Spectrum Method

X-ray diffraction and neutron methods, by looking for the changes between the

planes of polycrystalline materials, depends on lattice deformation measurements.
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The first method measures the residual deformation on the surface of the material
and the second one measures deformations in the volume. Diffraction methods also

search for the three groups of residual stress (macro and micro stresses) (Lu, 1996).

2.2.2.1 Non-destructive Methods of Residual Stress Measurement

2.2.2.1.1 X-Ray Diffraction (XRD) method

When a monochromatic X-ray irradiates on a solid material, it is scattered by the
atoms forming the material. For a perfect crystal material, atoms are scattered
regularly on three dimensional periodic lattice. The distance between the
crystallographic planes are determined perfectly. Scattered waves, because of the
regular scatter of atoms, cause mutual interaction similar to visible ray diffraction
due to the optical diffraction pattern (Lu, 1996).

When wavelength 4 is constant, atoms in a certain plane cause to diffraction of
incident beams. Diffracted beams intersect and make indentation on the film around
the specimen. The planes of which spacing carries out Bragg’s law, radiation cone
sections the film. When 20 is calculated analysing the film, spacing of interplanar
can be determined. If specimen is bended about i angle, atomic planes also bend
about ¥ angle. In the event that there is no residual stress in material, both of
diffracted beams coincide (Asi and Can, 2001). If there is residual stress in material,
atomic planes at different directions contract or expand and peak value changes
(Figure 2.5).
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Figure 2.5. Determination of residual stress using X-ray diffraction method (Asi and Can, 2001).
The summit angle of the cones are as follows in Equation 2.2:
a; =1 — 26; Equation 2.2

0; diffraction angle is in relation with Bragg’s law lattice spacing. If these angles
are measured with an appropriate instrument, it will be possible to find out lattice

spacing of crystallographic planes ‘d” (Lu, 1996).
Bragg’s Law is shown with Equation 2.3:
nA = 2dsin6 Equation 2.3
D is the distance between diffraction lattice planes, 6 is incident ray and angle
between the diffraction plane, 1 is the wave length of X-ray and n is an integer in

Figure 2.6. When the Bragg law is applied, diffraction ray and incident ray lattice

plane is symmetrical. Infinite crystallographic plane is determined, nonetheless only
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few of them forms diffraction model which is dense enough to be detected (Lu,
1996).

Incident beams Diffracted beams

Figure 2.6. Planes carrying out Bragg’s Law (Lu, 1996).

2.2.2.1.2 Neutron diffraction method

The physical principles of X-ray diffraction and neutron diffraction methods are
similar. X-rays provide the measurement of stresses several microns away from the
surface, whereas the importance of neutron diffraction lies in the fact that it can
detect residual stresses through the thickness of steel pieces. The penetration of
neutrons is 1000 times greater than the penetration of X-rays. Thus a measurement of
4-50 mm penetration depth can be done. Besides deflections, measurement can also
be done in transmission of neutrons. Therefore, a stretch component can be measured
by positioning as demanded in the specimen through angle bisectors of incident and
scattered rays. Sin?i method can be used in detecting non-normal strain
components in X-ray method but it is not preferred in neutron diffraction method.
This technique can only be practiced in a laboratory environment and the instruments

used are quite expensive (Yelbay, 2008).
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2.2.2.1.3 Ultrasonic Method

These methods benefit from sensitivity of stress levels on material to velocity of
ultrasonic waves moving through a solid material. The direction and magnitude of
already existing residual stresses directly affect the change of the velocity of
ultrasonic waves (Yigit et al., 2008).

The advantages of this method is that the equipment is practical, portable and can
easily be installed. Moreover the cost of the method is low and it does not have any
radiation damage. Besides, by ultrasonic method macro residual stresses can be
found independently with the depth of the material. Furthermore, as the velocity of
sound changes according the direction in nonisotropic materials, distinguishing flight
distance taken from this region is substantially hard. In addition, as velocities of
sound varies in regions with microstructural changes, measuring the differences in

these regions is quite difficult (Yelbay, 2008).

Ultrasonic methods used for stress measurement are related to changes in wave

velocity, which can be defined with the following relation in Equation 2.4:

V=V,+ Ko Equation 2.4

Vy, wave velocity in a stress free medium, o stress and K a parameter related to

material.

2.2.2.1.4 Magnetic Barkhausen Noise Method

Barkhausen noise is the sound signal occurring as result of the movement of
magnetic dipoles or their orientation in ferromagnetic materials. As it is seen in
Figure 2.7, ferromagnetic materials consist of small regions in which magnetic

dipoles are formed. These regions are called as domain.
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Figure 2.7. Domains and magnetic dipoles in a ferromagnetic material (Yelbay, 2008).

Before magnetization, ferromagnetic materials are oriented disorderly in magnetic
dipoles and domains (Figure 2.8). At this moment net magnetic field strength is zero.
When an external force or magnetic field is exerted, magnetic dipoles, which were
oriented disorderly, start turning towards magnetic field or the exerted force.

Movement happens as the walls of domains move.

Figure 2.8. Orientation of domains in a scattered situation (left) orientation of domains according to
magnetic field (right) (Yelbay, 2008).

The importance of Barkhausen method has increased recently as it can be easily
used, as it is fast and portable. When compared with other known non-destructive
residual stress measurement methods, it is seen that Barkhausen method gives

accurate results (Yelbay, 2008).

26



2.2.2.1.5 Raman Spectrum Measurement Method

Raman spectrum measurement method finds residual stress by measuring the
interaction of laser beams with the material. Laser beams sent to the material causes
the atoms to oscillate. By analysing the scattered rays, it is possible to find out about
the chemical and physical structure of the material. In Raman spectrum measurement
method, resolution is very high and it is generally used in measuring the surface
residual stress. Nowadays, studies about Raman spectrum measurement method, are

mostly about its usability on composite materials (Yelbay, 2008).

2.2.2.2 Destructive Methods of Residual Stress Measurement

2.2.2.2.1 Layer Removal Method

The principle of layer removal method is simple. A plane with a residual stress is
deformed to preserve the balance of static moments and internal forces. Deviation is
related with the magnitude and type of residual stress distribution throughout the
thickness of material. If the layers of the material containing residual stress are
removed with a chemical treatment, then balance of internal stress and moments will
immediately be broken. To establish this balance, the particle has to deform. The
variance in deviation produced by the removed layer, is associated with surface stress

of the removed layer (Figure 2.9).
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Figure 2.9. Layer removal from a rectangular component (above) Layer removal from a cylindrical
component (below) (Treuting and Read, 1951).

2.2.2.2.2 Hole Drilling Method

Hole drilling method is a semi-destructive residual stress measuring method

which is sensitive to 1. Order macro residual stress.

2.2.2.2.2.a Hole Drilling Method via Strain Gages

Hole drilling is a convenient and effective method in measuring residual stress.
The main principle of the method was first developed by Mathar in 1934. Since then,
many researches developed this method and in the end it was standardized with
ASTM EB837 code (Schajer, 2006). The real and the most prevalent objective of hole
drilling method is calculating uniform residual stress in assumed plane, either from
surface to the depth of a thick material or through the thickness of a thin material
(Schajer, 2001).
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The application principle of hole drilling method is quite simple. A tiny hole is
drilled on the material and after drilling free deformations appear and these are
measured with strain gages. Afterwards, it is possible to measure the initially existing
residual stresses around the hole by means of a series of calculations (Lord, 2002).
The diameter of the hole is about 1.8 mm and the depth is about 2 mm. When
compared with other residual stress measuring techniques, hole drilling method can
be apply for all material types generally (Rossini et al., 2011). Schematic three
dimensional view of this method is seen in Figure 2.10.

Figure 2.10. Three dimensional view of hole drilling.

These steps are followed in measurement (Vishay, 2007):

1. Three or six-element strain gages are placed on test material where the
residual stress will be measured.

2. Strain gages are tied to a unit deformation indicator with cables.

3. Drilling apparatus is placed to the center of strain gages.

4. After the unit deformation values are set to zero, a hole is drilled in the
geometric center of strain gages.

5. Free deformations corresponding to the initial residual stresses are red.

6. Special data reduction correlations and principal residual stress and their

angular orientations are measured from the stretches.
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In this method the measurement precision changes in accordance with the depth
of drilling. As the depth increases, the precision decreases. As it is seen in Figure
2.11, D is diameter of strain gages, and D, is the diameter of the hole to be drilled.
According to ASTM EB837 standart D, must be between D, = 0,3 — 0,5 D and the
maximum depth must be Z = 0,4 D (ASTM E837; Lord, 2000). As the proportion
of the diameter of the hole to be drilled to the diameter of strain gages D,/ D

increases, the precision (D/D,)? increases as well (Grant et al., 2002).

Figure 2.11. Schematic view of strain gages (Lord, 2000; Vishay, 2007).

In Figure 2.12, the radius of hole is shown with R, and the radius of strain gages
is shown with R. In a uniaxial loading, transformation of relieved stress is seen from
the distance to the hole surface. As it is seen in the figure, the relieved stress
decreases as we get further from the hole. For this reason strain gages must be placed

closer to the hole.
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Figure 2.12. Variation of tangential and axial strains relaxation moving away center of the hole (Lord,

2000; Vishay, 2007).

Benefits of hole drilling method in comparison with other methods are as follows
(Schajer, 2001):

Damage on the material is rather slight.

Accepted both experimentally and theoretically.
Application of the method is simple, fast and cost effective.
Results are reliable.

Needs less special equipment.

Measuring installation is portable.

Disadvantages of the method are as follows (Lord, 2008):

Stresses close to the surface can be measured.
Measurement sensitivity decreases in proportion with depth.

Measurement area is limited.
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2.2.2.2.2.b Residual Stress Measurement with ESPI (Electronic Speckle Pattern
Interferometer)

Basic steps of stress measurement with ESPI technique are as follows:

(i)

(if)

(iii)

(iv)

v)

Starts with imagery recording, controlling the convenience of the surface
for hole drilling.

A laser sent to the piece is viewed with CCD (Charge-Coupled Device)
and the integration of reference and reflected beam is provided on the
prism point while passing through the lens system.

At this moment the image is recorded in a camera and transferred to the
computer for processing. This first image resembles to an interference
pattern formed by illuminated and non-illuminated points formed
randomly by surface roughness and optical mechanisms.

To identify the position of each piece, four images both before and after
hole drilling are taken and studied.

These four images are characterized with the phase transformations of
reference beam in 0°, 90°, 180° and 270°. At least one set imagery is
taken when all hole drilling steps are completed (Figure 2.13). The
software shows the instant fringe images by calculating the set, recorded
before hole drilling, with the instant real images. Fringe images define the
displacements occurred due to hole drilling process (Schajer and Steinzig,
2005).
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Figure 2.13. Determination of displacement map (Stresstech Oy., 2013).

The schematic view of hole drilling with ESPI method is given in Figure 2.14.

Sample

Object beam / Illumination beam

Light
source box

Referance beam

Figure 2.14. Schematic view of the ESPI system (Stresstech Oy., 2013).
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In Figure 2.15. interference pattern around the hole, formed as a result of hole

drilling is shown. The size of interference area is in proportion with stress relief.

Figure 2.15. Fringe patterns (Stresstech Oy., 2013).

Surface preparation is not necessary as positioning strain gages is not used in this

technique. Surface displacements directly proportional with the hole depth.

Benefits of ESPI technique in comparison with strain gages are as follows (Focht ve
Schiffner, 2003):

It’s a non-contact method,

It measures the whole area,

It has high sensitivity ( in dimensions below micrometer),
Various hole diameters can be used,

Errors, arising from incorrect centered strain gages and the hole, do not occur.
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2.2.2.2.3 Ring Core Method

Ring core method is a variation of hole drilling method. In this method, strain
gages with three-element which are seen in Figure 2.16 measure the stress relief on
the surface of the material in the ring. Similar to hole drilling method, residual stress
existing before the ring core is drilled can be calculated with the measured relieved
stretch. This method is also frequently named as semi-destructive method. Removed

material is limited and the damage on it can adequately be repaired (Lu, 1996)

) drilling tool
9 strain gauge rosette .

. .,

Figure 2.16. Hole drilling method (left) and ring core method (right) (Sarga and Menda, 2013).

Just like the hole drilling method, ring core method is practical and fast. It is used
less frequently despite of the fact that it provides greater surface stretches in
comparison with hole drilling method (Rossini et al., 2012). It is less convenient and
damages the material more. To drill the ring, strain gages must be untied and tied
again. However, in hole drilling method, ties do not get any damage from drilling

process (Lu, 1996).
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2.2.2.2.4 Sectioning method

Sectioning method is a destructive residual stress measuring method based on
removing material from the specimen (Shadly et al., 1987; Tebedge et al., 1973).
This method is mainly used to analyse the residual stress in structural carbon steel,

stainless steel and in aluminum materials.

Residual stress within the specimen, is measured by removing sections from the
specimen. To identify the residual stress, the specimen is cut sequentially in various
section (Figure 2.17). The method provides great elasticity in determining the details
of residual stress through the related area by uniting separation, slitting and layer
removing processes. Relieved stretches, during cutting processes, are generally
measured by using electrical or mechanical strain gages (Schajer, 2001; Yigit et al.,
2008).

STRAIN GAGES

/j STRAIN GAGES ON TOP AND BOTTOM
e
D ' /]

STEP 1
PARTING OUT

STEP 2
SPLITTING

STRAIN GAGES

STEP3 ON BOTTOM

REMOVING LAYERS

Figure 2.17. Schematic view of sectioning method (Lu, 1996).
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2.2.2.2.5 Slitting or crack compliance method

The general principle of this method is to open fractional slot on the surface of the
material and to measure the changes around the slot as a function of slot depth. Free
transformations, vertical to the slot, are measured with strain gages placed near the
slot (Figure 2.18). Slots are cut gradually by using a processing cable with electrical
discharge machining. Measured transformations are used for calculating residual
stress before the slot is opened (Rankin et al., 2003).

Surface strain gage

Back strain gage

Figure 2.18. Schematic view of slitting or crack compliance method (Prime, 1999).

Application of the method is simple and fast and it is especially very sensitive in
measuring regional residual stress. Furthermore, residual stress in specimen with
varied geometrics can be measured. The method has a beneficent depth stress
resolution and sensitivity. It can be easily applied to the non-crystalline structure
specimens. However, this method can measure residual stress vertical to slot
direction and unit deformations and the slots do not have any standard order (Yigit et
al., 2008).
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2.2.2.2.6 Contour method

In this method, measured displacements are used in estimating the residual stress.
On the contrary, the principle of measurement in multiaxis incision profile is based
on calculating specific stretches with measured displacements and then residual
stress is subtracted from specific strains. The source of all residual stresses are in
harmonic stretches on a material. Many researches studied residual stress in
engineering particles by using the specific stretches (Ueda et al., 1986; Hill, 1996).
Specific stretches are preferred in this method as they remain constant with the re-
distribution of residual stresses. In other words, the change in the geometry of a
particle also causes a change in residual stresses but it does not affect specific
strecthes. Besides, as long as specific stretch distribution is known, residual stress of

each structure divided from the particle, can be calculated.

Although the method is a destructive one, the application is quite easy and
residual stresses in all incisions can be measured in a short period of time with an
appropriate cost (Figure 2.19). However, in this method residual stresses vertical to

slitting plane can be measured (Zhang et al., 2005).

(+)Tensile [t
(-) Compressive —— Shear plane
= Stress distribution
N

A

Cut in half

initial state initial state

(
Return to { Return to

Figure 2.19. Schematic view of contour method (Lu, 1996).
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2.2.3 Comparison of Residual Stress Measurement Methods

In Table 2.1, destructive and non-destructive residual stress measuring methods

are compared in accordance various parameters.

Table 2.1. Comparison of residual stress measurement methods (Yigit et al., 2008)

Method Kind of | Penetration | Measurement | Destructio | Equipment | Application
etho
stress depth speed n rate cost
Layer Fast .
10-500 pm Destructive Low
Removal
. . Semi
Hole Dirilling Medium . Low
destructive
3 _ 100 um-6 _ Semi All kinds of
= Ring Core Medium . Low L
2 mm destructive materials if
2 Macro geometry
S - . . ndition
g Sectioning 8-100 mm Medium Destructive Low conditions
2 carry out
Q
Crack _ Semi
Compliance/ 150 mm Medium . Low
destructive
Slitting
Fast .
Contour - Destructive Low
X-Ray Micro 30 umCAD sl Medi
diffraction | <5 mm (Ti) ow eaUM 1 Materials with
an
crystal
macro
Neutron . structures
7 . . Very slow High
B diffraction
e
g .
© Magnetic Non- Mono phase
2 Barkhausen | Macro >100 mm Very fast . Low .
2 destructive material
= Noise
g T
2 Raman Micro Ferromagnetic
5 Spectrum and 6-10 mm Very fast - .
P4 materials
Measuring macro
Polymeric
Taman Rayf | Macro <l um - .
composites
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CHAPTER 3

Experimental Procedures

3.1 Materials

AISI D2 involving high carbon and chrome is a cold tool work steel which has
high wear resistance, compressive strength and toughness, dimensional stability in
heat treatment, compatibility for surface treatments such as PVD, nitriding. Blanking
dies up 6 mm thickness requiring toughness, crushing dies, spinning dies, drawing
dies, cold extrusion dies, dies used for manufacturing of aluminum and zinc tubes,
drilling-inflating dies for manufacturing of bolt, nut, fastener (Assab & Korkmaz).
Chemical composition of AISI D2 steel is seen in Table 3.1 and physical properties
are shown in Table 3.2.

Table 3.1. Chemical composition of AISI D2 steel (Assab & Korkmaz)

ISO/DIN AlSI %C %Mn %Cr %Mo %V %Si

1.2379 D2 1.55 0.4 11.8 0.8 0.8 0.3

Table 3.2. Physical properties of AISI D2 steel (Assab & Korkmaz)

Temperature 20°C 200°C 400 °C

Density (kg/ m*) 7700 7650 7600

-6 -6
Thermal expansion coefficient - 12.3x 10 12+ 10

11.2 % 107°
Thermal conductivity (W/m °C) 20 21 23
210000 200000 180000

Modulus of elasticity (MPa)

Specific heat (J/kg °C) 460 - -
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AISI D2 steel is a certificated steel and was obtained from Assab Steel Company.

Specimens are turned into cylindrical parts which have 20 mm diameter and 50 mm

length (Figure 3.1).

|

l

|

|

|

|

|

I

l
920

Figure 3.1. Dimensions of specimens.

Austenization and tempering treatments, named as conventional heat treatment,
were applied but cryogenic treatments were not applied to the specimens in the first
group. Austenization, cryogenic treatment in various holding times and tempering

were applied respectively to the other specimen groups (Table 3.3).

Table 3.3. Treatments applied to specimens

Specimen | Austenization | Cryogenic treatment at -145°C | Tempering
1 Not applied.
2 1030°C 30 min 525°C
3 30 min 4h 2h
4 16 h
5 24 h
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Specimens to be used in the experiments have classified regarding heat treatment
seen in Figure 3.2.

L

Figure 3.2. Classification of specimens before treatments.

Before the austenization process, preheating was applied to the specimens
(respectively 650°C, 850 °C). Specimens were put into the furnace preheated at
650°C. After temperature of specimens reached at 650°C, furnace was heated up to
850 °C and specimens were held at 850 °C for 20 min. Then austenization was
carried out at 1030°C by holding the specimens for 30 minutes. For quenching,
specimens were kept till 60°C in a 3-bar vacuum furnace. Finally, specimens were
left in the air to attain room temperature (25°C). Tempering for two hours at 525°C
were applied to the specimens in the first group. The steps of conventional heat

treatment are given in Figure 3.3.
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1030 °C
30 min

1000 °C ¢

800 °Ct

600 °C ¢

400°C t

200°Ct

Austenization Tempering

25°C

c
holding time, h

Figure 3.3. Conventional heat treatment (austenization+ tempering).

Cryogenic treatment at -145°C was applied both to the specimens going through
the process of deep cryogenic treatment in Alper Heat Treatment Company and to
the specimens which were held till the room temperature following. The furnace for

cryogenic treatment is seen in Figure 3.4.

The holding time in cryogenic treatment (t.;) were set as (30 min, 4, 16 and 24
hours. Specimens were kept in cryogenic heat for the established time period, were
taken out of cooling oven and kept outside till the room temperature. As a last step
two hours tempering at 525°C was applied to the specimens. Finally, specimens were

left in the air to attain room temperature (25°C).
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Figure 3.4. Cryogenic treatment furnace (above) and temperature-pressure indicator (below).

Figure 3.5 represents that combination of cryogenic treatment and conventional
heat treatment. After austenization, specimens were exposed to cryogenic treatment

and tempering.
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30 min

1000 °C
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Y

Figure 3.5. Austenization+cryogenic treatment+tempering.

Holding times at cryogenic temperature is detailed in Figure 3.6. It can be seen

various holding times at cryogenic temperature.

temperature, °C
[

25°CE---------- ] ------- 7' --------------------------------------- ]— --------------- l

0°C >
holding time, h

145°C|----

Figure 3.6. Cryogenic treatment at various holding times.
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When tempering temperature (525 °C) is selected, the graph in Figure 3.7 is used.

UHB - SVERKER 21 (1.2379)

Hardness HRC Retained Austenite %
R T S FRE B N

B R APstenization Temperature
64 b

=~ | "\ |1020°C
62 Vg 28
sol-1050°C \.1‘ X 26
58 \i——"" \ i
56 22
54 20

Retained austenite
52 1020°C

\
\
50 6
48 A \\ :4
\

18

46 12

44 10

o WA N
|

100 200 300 400 500 600 700°C

Tempering temperature

Figure 3.7 Selection of tempering temperature (Assab Korkmaz).

3.2 Measurement of Residual Stress

Among the all residual stress measuring methods, X-ray diffraction method is a
more special one. Because, this method provides possibility for non-destructive
measurement of residual stress on the material’s surface, which is necessary in
estimating the fatigue life of materials. When compared with other conventional
methods, X-ray diffraction enables real time analysis and local measurement of stress
formation. In addition, depth graphic of stresses can be obtained with electro

polishing technique (Lu, 1996).
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Residual stress on the surface and retained austenite of the material, are measured
with GE/Seifert XRD in Metal Forming Center of Excellence at Atilim University
(Figure 3.8).

Figure 3.8. Residual stress measurement with XRD.

X-ray measurements were carried out sin? ¥ technique and Cr-Ka radiation on
crystallographic planes of steel. Since the peak shift at high diffraction angles is
significantly higher, peak having high intensity is preferred for measurements. The
intensity and angular position data for analysis is ensured by scintillation detector
and scalar. Parabola method was used for the determination of the maximum peak
point and position of it. Then, corresponding values for interplanar spacing and
strains are calculated. Finally, the stress was determined by linear regression analysis
by determining the slope of the regression line of lattice strain corresponding sin?y

plot and multiplying it with elastic modulus of the material (Simsir and Gtir, 2008).
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Measurement parameters were chosen in Table 3.4.

Table 3.4. Analysis parameters for XRD

Material Iron
Radiation Cr-Ka
Poisson’s Ratio, v 0.28

Young Modulus, E 211,000 MPa
Diffraction Angle, 6 156.1°
Lattice Planes, hkl 211

Stresses are calculated with Equation 3.1:

_ E dw—do
T 1+vsin2y  dg

Equation 3.1

In equation 3.1, d, is spacing between planes at initial state, d is spacing

between planes at i slope angle, E is modulus of elasticity, v is Poisson’s ratio.

The most important advantage of XRD is capable of measurement of residual
stress on surface. But residual stress measurement of depth profiles with XRD is
possible with technique called electro polishing which is very long term and
expensive process. As for the stress on the depth profile is measured with hole

drilling method based on ESPI technique.

Residual stress measurements were done Stresstech-Prism Hole drilling

equipment in Metal Forming Center of Excellence in Atilim University (Figure 3.9).
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Figure 3.9. Hole drilling equipment.

ESPI system is faster than strain gages method and it is more appropriate for
various material types. Furthermore, it gives detailed information about deformations
appearing as a result of hole drilling. There is no need for strain gages and

preparation of materials (Steinzig and Ponslet, 2003).

Tangential and axial stresses in specimens were determined in 0.5, 0.75, 0.1, 0.15,
0.2, 0.25, 0.3, 0.4, 0.5 mm depth profile shown in Figure 3.10. The drill is made by

tungsten carbide coated with TiN and has a nominal diameter of 0.8 mm.

Axial

Depthr
profile ;
e - Tangential
|

Figure 3.10 Tangential and axial components of residual stress and direction of depth profile.
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3.3 Microstructure Examination

The microstructure analysis of the materials is significant as it paves the way to

compare the effects of various heat treatments to the internal structure of the

material. For microstructure analysis, specimens are prepared as follows (Figure

3.10):

Specimens with 20 mm in diameter and 50 mm in length are cut with EDM in
10 mm heights.

Specimens are sanded with 180-320-600-800-1000-1200 pm sanders,
respectively.

Sanded specimens are refurbished with 3 um diamond paste.

Refurbished surfaces are etched with 2% nital etching solution.

Figure 3.10. Microstructure examinations.
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Specimens are cut in Metal Forming Center of Excellence in Atilim University
and prepared for metallographic examination with STRUERS DAP-7
grinding/polishing machine in Material Engineering laboratory in the Faculty of
Technology of Gazi University. Microstructure images of the specimens prepared of
metallographic examination, are taken with Nikon optical microscope in Material
Engineering laboratory of Yildirim Beyazit University. In addition, phase analysis
was carried out by means of GE/Seifert XRD in Metal Forming Center of Excellence

in Atilim University.

3.4 Hardness Measurement
The researches related with effects of holding times at cryogenic temperature on
hardness of die/tool steels are few in number and have contradictory results. In Table

3.5, summary of effect of sub-zero treatments on hardness in different steels is seen.

Table 3.5. Effects of sub-zero treatments on hardness of steels (Das et al., 2010).

Steel Variation of hardness Author
AISI T1 steel Marginal improvement (2.0%) by DCT Yun et al. (1998)
AISI M2 steel Marginal improvement (2.0%) by DCT Yun et al. (1998)
o Collins and Dormer
AIS| D2 steel Marginal improvement by CT, SCT and DCT
(1997)
4340 steel Marginal improvement (2.4%-3.0%) by DCT Zhirafar et al. (2007)
o Wierszyllowski et al.
AIS| D2 steel Marginal improvement by DCT
(2006)
Improvement at lower tempering temperature i
AIS| D2 steel . . . Rhyim et al. (2006)
but reduction at higher tempering temperature by DCT
AIS| D2 steel Marginal improvement by CT, SCT or DCT Surberg et al. (2008)
PM S390 MC high N .
'9 Marginal improvement by DCT Cajner et al. (2009)
speed steel
AIS| M2 steel Considerable improvement (8.2%) by DCT Molinari et al. (2001)
AIS| H13 steel I —_—
stee Negligible improvement (0.04%) by DCT Molinari et al. (2001)
Case carburized En | Marginal improvement (3.5%) by both CT and Prabhakaran et al.
353 steel DCT (2005)
- — - 5
En 31 bearing steel | Significant improvement by CT (18.8%) and by DCT Harish et al. (2009)
(21.6%)
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Before the hardness of the specimens were measured, their surfaces were sanded
with 180-320 pum sanders. Thus the surface of specimens were polished and made
ready for a healthy measurement. After, hardness of the specimens were measured in
a lab of Yildirim Beyazit University. Q-ness macro hardness tester was used for
measurement and measuring unit was determined as Rockwell C (150 kg). Values
were measured in 10 different points and their arithmetic average was taken (Figure
3.11).

Figure 3.11. Macro hardness tester.
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3.5 Grinding the Specimens and Measurement of Surface Roughness

Measurement of surface roughness with profilometry is widely used in industry
and this method is repeatable, cost-efficient and easy to evaluate. Average value of
surface roughness is shown with Ra (um) symbol. Ra value is value of average of

rise (positive direction) and fall (negative direction) in nominal surface (Figure 3.12).

Z NOMINALYUZEY
/

7

Figure 3.12. Average surface roughness value, Ra.

Ra value is evaluated with Equation 3.2 (isbilir, 2006):
Ra = % f01|Z(x)| dx Equation 3.2

Ir  :reference length
Z (x) : deviation of the roughness curve from a mean line of the roughness curve

x  :profile direction

Grinding process was done in BE-TA Engine-Cover Renewal Plant. As a
grinding, wheel aluminum oxide (Al,05), grain size of 60, was chosen. The diameter
of the wheel was 200 mm and the thickness was 20 mm. Grinding parametres were
the same for every specimen and they were grinded in 1450 revolution per minute

(rpm) with 0.2 mm depth of cut. As a cooler, boron oil was used during grinding.

Surface roughness measurement was done with SJ-201 Mitutoyo surface

roughness tester. Firstly, tester was calibrated using standard gauge. Until 2.97 pm
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surface roughness of standard gauge was obtained, measurements were carried on
(Figure 3.13). Measurements were taken from 4 various direction with 0°, 45°, 90°
and 135° (Figure 3.14). Surface roughness value was determined by taking the
arithmetic average of the values. The measuring length was set as 0.8x5 = 4 mm.

Figure 3.13. Calibration of tester.

Figure 3.14. Measurement of surface roughness.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Residual Stress

Residual stresses in axial direction are seen in Figure 4.1. According to graph,
while stress on surface of specimen conventionally treated is 321,5 MPa, stress on
surface of specimens cryotreated considering holding times at cryogenic temperature
are 313 MPa for t-r =30 min, 207.7 MPa for t.; =4 h, 283.6 MPa for t.r =16 h,
and 242.3 MPa for t.r =24 h. Although all surfaces have tensile residual stress, in
comparison to conventional heat treatment, cryogenic treatment decreases the
stresses. Reduction in stress are 35% t.r =4 h, 24.6% for t.,; =24 h, 11.7% for
ter =16 h, 2.6% for t.r =30 min, respectively. Tensile residual stress turn into
compressive residual stress as from depth of 0.25 mm for t.r =16 h, 30 min, and
24 h. But in specimen conventionally treated and cryotreated for t.; =4 h, tensile

stress keeps on till 0.5 mm.

AlSI D2 steel
residual stress in axial direction
(XRD+Hole drilling)

400

300 &

200 % @ conventional heat
treatment
100
g ' 4 30 min cryotreated
2 0
> @4 h cryotreated
< -100 '
o0
v 200 W16 h cryotreated
-300
24 h cryotreated
-400
-500

Depth, mm

Figure 4.1. Residual stress in axial direction.
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The difference of residual stress between various holding times and conventional
cryogenic treatment is seen better in Figure 4.2. It is possible to say that tensile
stresses on surface decrease by cryogenic treatment. Depending on holding time at

cryogenic temperature, tensile stresses tend to reduction.

AlISI D2 steel
surface residual stress in axial direction
(XRD)

400

350
= 300 i !Lq T
o - ——
2 =, v/gi;
4 200
£ 150
w

100

50

0 05 4 16 24
Holding time, h

Figure 4.2 Surface residual stress in axial direction.

In tangential direction, it is obtained similar results with axial direction (Figure
4.3). As all surfaces have tensile residual stress, cryogenic process provides
reduction of stress. Stress on surface of specimen conventionally treated is 316,8
MPa and stress on surface of specimens cryotreated considering holding times at
cryogenic temperature are 231.4 MPa for t.r =30 min, 274.1 MPa for t.; =4 h,
259.6 MPa for t.r =16 h, and 172.5 MPa for t.r =24 h. Reduction in stress are
45.5% for toy =24 h, 26.9% for t,; =30 min, 13.47% for t,; =4 h, 18% for
ter =16 h, respectively. Tensile residual stress turn into compressive residual stress
as from depth of 0.3 mm for t.r =30 min, 16 h, and 24 h. But in specimen
conventionally treated and cryotreated for t.; =4 h, tensile stress keeps on till 0.5

mm.
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Figure 4.3. Residual stress in tangential direction.

It is seen that tensile stress decreases with cryogenic treatment and highest

reduction occurs for t.r =24 h (Figure 4.4).

AlISI D2 steel
surface residual stress in tangential direction
(XRD)
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Figure 4.4 Surface residual stress in tangential direction.
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4.2 Microstructural Characteristics

After specimens were examined with optical microscopy, for each specimen
micrographs were taken in different magnification. As a result of phase analysis
with XRD, carbides seen in Figure 4.5 and Figure 4.6 are chrome carbides ( Cr,C3).
Das et al. categorize carbides as primary carbides (size>5 pm) and secondary
carbides (size<5 pm). It is known that cryogenic treatment increases number of
secondary carbides and provides uniform distribution (Das et al., 2009a, 2009c,
2010a, 2009d, 2009e, 2010b; Das et al., 2007; Das and Ray, 2012a, 2012b; Das et
al., 2009; Das et al., 2010). As shown in Figure 4.5 (a) conventional heat treatment
and (e) 24 h cryogenic treatment, and Figure 4.6 (a) conventional heat treatment and
(e) 24 h cryogenic treatment, areas marked indicate primary and secondary carbides.
In comparison to conventional heat treatment, there is marginally variation in
carbides for t.r =30 min, 4 and 16 h, but for t.r = 24 h number of carbides

increases considerably.

Collins and Dormer (1997), and Yun (1998) suggested that longer holding times
at cryogenic temperature enhanced distribution of fine carbides. In another research,
for tor =0 min, 1, 12, 36, 60, 84 and 132 h, it was seen that number of secondary
carbides increases up to 36 h. It is possible to say that more spherical and finer
secondary carbides precipitate for t.; =24 h. Besides, more homogenous distribution

occurs for t.r =24 h.

Difference between carbides distribution of specimen conventionally treated and
cryotreated can be seen better in Figure 4.5 for x500 magnification. More

homogenous precipitation of secondary carbides are clearly observed in Figure 4.5

(e).
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d) 16 h cryogenic treatment.
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e) 24 h cryogenic treatment.

Figure 4.5. Microstructure of specimens (X500 magnification).
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a) Specimen conventionally treated.
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c) 4 h cryogenic treatment.
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Figure 4.6. Microstructure of specimens (X1000 magnification).
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4.3 Retained Austenite

Volume fraction of retained austenite was analysed by XRD and results are shown
in Figure 4.7. The specimens conventional treated and cryotreated for ¢t =4, 16 and
24 h contain about 1 vol.% of retained austenite and it can be said that nearly all of
retained austenite transforms to martensite phase. Only the specimen for t.r =30
min contains 2 vol.% of retained austenite. But it can be considered that any
significant difference between retained austenite content of specimens conventional
treated and cryotreated occurs, since high tempering temperature cause
transformation from austenite to martensite. Yun et al. (1998) suggested that retained
austenite phase did not depend on time in contrast to carbide distribution. In Figure
4.7 shows that there is no variation in volume fraction of retained austenite by longer

holding times.
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Figure.4.7 Retained austenite in AISI D2 steel.
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4.4 Hardness Values

Macro hardness values of specimens are shown in Figure 4.8. Results indicate that
hardness of specimens cryotreated is lower than specimen conventionally treated.

There is no difference between hardness of outer diameter and inner diameter.

Macro hardness
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Figure 4.8. Macro hardness values of AISI D2 steel.

Hardness of the specimen conventionally treated is 58.9 HRC. Reduction of
hardness occur 0.83% for t.r =24 h, 0.98% for t,r =30 min, 1.2% for t,; =4 h,
1.42% for t.r =16 h, respectively. In comparison to conventional heat treatment,
minimum reduction is observed for t.; =24 h. Table 3.5 shows that 2% or 3%
increment in hardness are considered marginal (Zhirafar et al., 2007; Prabhakaran et
al., 2005). Therefore, it can be said that hardness values have marginal decrease for

various holding times.

As to reasons of reduction, Rhyim et al. (2006) suggested that tempering at low
temperature improves hardness but high tempering temperatures decreases hardness.
Based on this, it can be say that temperature chosen for tempering (525 °C) causes a

little reduction of hardness.
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4.5 Surface roughness values

It can be seen that surface roughness values of AISI D2 steel in Figure 4.9.
According to the graph, roughness decreases for specimens cryotreated in
comparison to conventionally treated one. Reduction of roughness are 20% for
ter =30 min, 12% for tor =4 h, 4.5% for t.r =24 h, respectively. For t.r =16 h,
there is no significant difference by comparison with conventional heat treatment.

Maximum reduction occurs for t-r =30 min.

Surfaceroughness

0,3
0,2
0,15 WAISID2 steel
0,1 1
0,05
0
0 0.5 4 1a 24

Holding time at cryogenic treatment,h

Roughness {(Ra), pm
o
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w

Figure 4.9. Average surface roughness (Ra) of AISI D2 steel.
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4.6 Correlations of Microstructure and Hardness

In literature survey, researches related with harness and cryogenic treatment have
contradictory results. While variation in hardness is negligible in some studies
(Molinari et al., 2001) and in another one says that reduction in hardness (Rhyim et
al., 2006). As it is known from literature studies that retained austenite, distribution
of alloying elements, and grain size are the factors effecting hardness.

When micrographs are examined, more uniform precipitation and significant
increase in number of carbides comes out for t.r =24 h. Whereas it has should been
highest hardness value for t.r =24 h, specimen conventionally treated has the
highest hardness. But difference between hardness of specimen conventionally
treated and cryotreated for t.r =24 h is marginal according to literature, therefore it
is possible to say that t.r =24 h can be preferred in terms of microstructure and
hardness. Cold work tool steel AISI D2 must have 54-61 HRC hardness in service
conditions. In Figure 4.8, hardness of specimens cryotreated remains within this

limitation.

4.7 Correlations of Microstructure and Residual Stress

Cryogenic treatment provides more uniform finer carbide precipitation and
increase number of them, subsequently decrease residual stresses in material as it is
mentioned Chap. 2. In Figure 4.2 and 4.3, it is seen that cryogenic treatment decrease
the stresses on surfaces of AISI D2 steel. Considering holding time at cryogenic
temperature, uniform and finer distribution of carbides occurs for t. =24 h which in

turn residual stress diminishes most on surface of AlSI D2 steel.
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4.8 Correlations of Microstructure, Hardness, Residual Stress and Surface
Roughness

Tempering after cryogenic treatment increases carbide precipitation together with
some decrease in hardness and results in reduction of residual stress in material.
Reduction of residual stress and hardness leads to decrease of crack propagation and
brittleness. Also, reduction in hardness provides to facilitate of machining materials
which in turn surface roughness of material improves. Roughness values in Figure
4.9 show that surface of specimen conventionally treated are rougher than specimen
cryotreated. Minimum roughness occurs for t. =30 min. Besides, it is seen that
having more uniform carbides distribution for t. =24 h provides smoother surface.
Therefore, it can be said that t. =24 h have optimum conditions regarding surface

roughness, microstructure, hardness and residual stress state at the same time.

4.9 Conclusions

Experimental results show:

1. Cryogenic treatment at various holding times decrease tensile stress on
surface of AISI D2 steel in comparison to conventional heat treatment and
convert tensile stress into compressive stress on subsurface. Due to the fact
that tensile stress on subsurface accelerate the crack propagation,
compressive stress on subsurface gains importance. Tensile residual stress
turn into compressive residual stress as from depth of 0.3 mm for t.; =30
min, 16 and 24 h.

2. Tempering at high temperature after for various holding times at cryogenic
temperature does not generate significant difference in hardness. Hardness
has negligible decrease in specimens cryotreated. But high tempering
temperature allows some decrease in hardness by decreasing residual stress.

3. High tempering temperature cause to transformation to martensite in all
specimens and any differences don not occur in volume fraction of retained

austenite.
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4. Microstructure of specimens for t.r =24 h has more uniform carbide
distribution, and number of carbides tend to increase in comparison to
conventional heat treatment, but there is no considerably difference for
ter =30 min, 4 and 16 h.

5. Surface roughness values of specimens cryotreated (except from t.r =16 h)
decreases in comparison to conventional heat treatment. Specimen
conventionally treated which have highest hardness and surface residual
stress represents a rough surface characteristic.

6. Results represent that t.r =24 h provides lower residual stress and surface
roughness and uniform and a number of carbide distribution. In this
investigation optimum holding time at cryogenic temperature is 24 h
regarding surface roughness, microstructure, retained austenite, hardness and

residual stress state at the same time.

4.10 Recommendations

Several recommendations for the future researches are listed as below.

1. The effects of longer holding times at cryogenic temperature on residual
stress could be examined for AISI D2 steel or other tool/die steel.

2. Residual stress of AISI D2 steel could be investigated for various
austenization and tempering temperatures or multiple tempering cycle.

3. Micrographs of carbides could be obtained for higher magnification by
Scanning Electron Microscope (SEM).

4. The volume percents, size, population density and interparticle spacing of
primary and secondary carbides could be estimated by image analyses of
digitally acquired suitable optical.

5. Wear resistance and fatique life of AISI D2 tool steel cryotreated could be

examined.
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Appendix 2.1. Analysis formulas of hole drilling method

& = A(ax + ay) + B(ax — ay)COSZﬁ
&, = A(o, + 0,) + B(a, — a,)cos2(B + 45)
& = A(O’x + ay) + B(O’x — Uy)COSZ(,B +90)

&+ &3 1
Omax = 44 E\/(53 —&)? + (&5 + & — 2&,)?

&g +e 1
Omax = 44 + E\/(Eg - 81)2 + (83 +é& — 282)2

& — 28+ &3

tan2pf =

an2f P
_ 1+v)
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