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Abstract: In the production of critical parts for various machines and mechanisms, expensive struc-
tural steels are used alloyed with chromium, nickel, molybdenum, and vanadium. In practice, the
wear resistance of parts, especially under severe operating conditions, may be insufficient due to
uneven microstructure and the content of retained austenite. Therefore, increasing the operational
stability of various products made of alloy steels is an important task. The purpose of this work is to
investigate the effect of isothermal hardening from the intermediate (γ+α)-area and the duration of
deep cryogenic treatment on the structure formation and frictional wear resistance of 38CrNi3MoV
steel. The isothermal hardening promotes the formation of the required multiphase microstructure of
38CrNi3MoV steel. The influence of the duration of deep cryogenic treatment on the microhardness,
amount of retained austenite, fine structure parameters, and friction wear of 38CrNi3MoV steel are
established. Complex heat treatment of 38CrNi3MoV steel, according to the proposed mode, makes
it possible to achieve a significant decomposition of retained austenite to martensite, which leads to
an increase in frictional wear resistance of ~58%.

Keywords: alloy steel 38CrNi3MoV; isothermal hardening; deep cryogenic treatment; microhardness;
wear resistance

1. Introduction

Today, to produce various parts of industrial machines—mill rolls, shafts of power-
generating equipment—structural steels are used alloyed with different elements (Cr, Ni,
Mo, V), such as 38CrNi3MoV steel, which is investigated in this work. This steel has a high
stability of austenite in the range of 400–500 ◦C [1–5]. Studies on the mechanical properties
and microstructure of 38CrNi3MoV steel have been carried out in a significant number of
works [1–5]. For steels with high austenite stability, a step-like mode or isothermal cooling
is often used [3]. It was proposed that isothermal treatment of 38CrNi3MoV steel from the
intermediate (γ+α)-area should be used to increase its wear resistance [5]. The nearest steel
analogues, 35NiCrMoV12-5 (DIN) and 4340 (AISI), are used for special-purpose products,
and were studied in previous works [6,7].

The reliability of finished products from alloy steels depends significantly on the ho-
mogeneous distribution of structural components and the unavoidable content of retained
austenite (RA), which can reach 10–15% after quenching. Alloying elements shift the finish
temperature (Mf) of martensite transformation below zero. Therefore, the high-temperature
tempering does not reduce RA to zero. Hence, increasing the operational stability of fin-
ished products made of carbon alloy steels while obtaining the most favorable combination
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of the mechanical parameters (hardness, wear resistance, and toughness) is an important
scientific and technical task.

It is well known that deep cryogenic treatment (DCT) can significantly increase the
properties of alloy steels [8–11]; thus, it is used as a final treatment for many technolo-
gies and industries, such as materials science [12,13], tool and steel industries [14–18],
manufacturing of rolls [19], and automotive industry [20]. This process uses sub-zero
temperature, below −125 ◦C, which is created by liquid nitrogen [18], as the preferred
cooling medium. Both gaseous and liquid coolants are applied, but steel sample interaction
with a liquid coolant creates higher internal stresses. The achieved changes in the steel
parts are almost permanent and irreversible under normal thermal conditions. In addition,
DCT is a low-cost, environmentally friendly, non-toxic, and safe technology.

The influence of DCT at a temperature of−196 ◦C and subsequent tempering at 200 ◦C
on the microstructure of tungsten carbide (WC-Co) rock cutting bits is investigated in [21].
Different durations of low-temperature treatment are applied (from 6 to 36 h, with 6 h
steps). The authors explained the observed phase shift in a binder (Co) by the differences
in the thermal expansion coefficient and thermal shear stress. The optimum duration of
DCT based on the wear resistance of samples was determined as 24 h.

The AISI D6 tool steel properties (microstructure, impact toughness, and wear resis-
tance) subjected to DCT is investigated in [22]. Different routes were considered: quenching–
tempering, quenching–tempering (single and double)–DCT. The authors concluded that
double tempering after DCT produces the best mechanical properties and the same wear
resistance due to the precipitation of fine carbides. The soaking time (2 and 24 h) was
considered less influential than double tempering on the final properties.

The influence of the DCT effect on microscale abrasion of AISI D2 tool steel is rep-
resented in [23]. The best wear resistance was achieved when the DCT was performed
immediately after tempering. The authors relate this effect to the transformation of RA in
martensite and the formation of fine secondary carbides.

The wear and fatigue properties of H21 tool steel subjected to DCT are investigated
in [24]. The DCT step (−185 ◦C) was applied before and after double tempering (540 ◦C)
with subsequent soft tempering (100 ◦C). The obtained results show that the wear rate was
reduced by 24% and surface roughness by 21%, and the fatigue limit increased by 13%.

Corrosion properties of various high-speed steels subjected to DCT are analyzed
in [25]. The results show that microstructure, hardness, and corrosion resistance change to
different extents depending on the chemical composition of the samples.

A comprehensive review of DCT application is represented in [26]. Based on numerous
studies, it was concluded that shallow cryogenic treatment, only up to −80 ◦C, has less
effect than DCT up to −196 ◦C. Under both treatments, some steel grades showed reduced
fatigue limit, while for other steels it increased. An optimal soaking time of about 36 h was
noted for D2 steel. Precipitation of secondary carbides was considered the main factor of
higher wear resistance due to the larger interface created with the matrix. A reduction in
the wear rate of about 14% for AISI A8 subjected to DCT before tempering corresponded to
a higher number of secondary carbides by 6%, and increased from 0.68% to 0.73% of the
covered area [27].

Less represented in the literature, multistage cryogenic treatment (MCT) of X153CrMoV12
cold work steel was tested in [28]. Both MCT and DCT produced similar changes in the
microstructure, and increased the amounts of homogeneous refined carbides. The effects of
multiple DCT and tempering on microstructure and properties of high carbon bearing steels
are shown in [29].

Summarizing the metallurgical principles of microstructure formation in DCT [30], we
can conclude that one of its primary objectives is the transformation of RA to martensite.
This is one of the theoretically explained mechanisms for wear resistance increasing because
the martensitic phase has much higher hardness than the initial austenite phase [31].
Typically, this phase transformation has been investigated and quantified via the X-ray
diffraction (XRD) method [32–35]. The authors of this work used such a method, along
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with an ultrasonic method and electron microscopy with a microanalyzer, to observe the
transformations of RA.

In addition to the RA transformation, another mechanism for wear resistance improve-
ment by DCT is the secondary alloy carbides precipitated and uniformly distributed by the
tempering [36–39] or DCT itself [40]. In some studies of tool steels, it is stated that the DCT
process promotes the diffusion of carbon atoms to dislocations [41–46], and these cluster
atoms contribute to an increase in the number of carbides during tempering. However,
other authors believe that carbon atoms do not diffuse at the temperatures of DCT [47,48],
and that immobile carbon atoms are captured by gliding dislocations [49].

Another hypothesis for improved wear resistance is a higher dislocation density in
the steel structure obtained after DCT. However, despite the repeated mention of this in
the literature [48–50], quantitative analysis of the dislocation density is seldom possible.
Hence, the question regarding the influence of DCT on the dislocation density of doped
alloys remains unanswered; we set out to investigate it using the XRD method.

Another important unresolved issue is the influence of a part’s holding time in the
coolant. It has been reported that DCT of martensitic steels conducted for a longer period
has a better effect on the wear resistance [8,40,51]. However, according to a generally
assumed theory of martensitic transformation, austenite to martensite transformation has
to occur right after a certain level of temperature is reached, and additional time has no effect
on martensite fraction volume. In addition, due to low diffusion rate, significant changes
are not expected at such low temperatures [48]. On the other hand, most researchers use
significant DCT exposure times (24 h or more) to obtain significant changes in the structure
and distribution of carbides [8,10,13,18,33,40,51].

The analyzed literature shows that although the general principles of DCT are known,
and its effects have been previously investigated on many alloy steels, these results do
not guarantee that proposed heat treatment routes will be successfully replicated on any
other similar steel grade, e.g., 38CrNi3MoV. Many additional factors (carbon content and
deviation of chemical composition, temperature of austenitization, quenching and temper-
ing routes) play an important role in the final efficiency of DCT. Therefore, the practical
implementation of known principles requires additional research for every steel grade.

The originality of our idea lies in the development of a complex mode of stepwise
isothermal hardening from the intermediate (γ+α)-area, combined with DCT. This made
it possible to improve the uniformity of the distribution of structural components, signifi-
cantly reduce the amount of retained austenite and, accordingly, increase the resistance to
frictional wear of 38CrNi3MoV steel. The developed mode of combined processing is char-
acterized by higher energy efficiency compared to the traditional technology of hardening
with high-temperature tempering of structural alloy steels. In addition, the influence of the
holding time of DCT on structure formation and wear resistance is experimentally studied,
of which the optimal value has been discussed with conflicting options in the literature.

2. Materials and Methods
2.1. Selected Material

The samples of 38CrNi3MoV alloy steel produced by PJSC «DNIPROSPETSSTAL» (Za-
porizhzhya, Ukraine) were taken after soft annealing. The chemical composition of the steel
in wt.% is 0.40 C, 0.31 Mn, 0.28 Si, 1.28 Cr, 3.12 Ni, 0.43 Mo, 0.15 V.

2.2. Structure Analysis

The standard instrumentation was used for sample treatment for optical and scan-
ning electron microscopy, which was performed using an optical microscope Axiovert
200 MAT (Carl Zeiss, Oberkochen, Germany) and an electron high-resolution micro-
scope/microanalyzer JAMP 9500F (JEOL, Tokio, Japan). The amount of RA was determined
by the ultrasonic method on the UT-1 device according to the developed method. X-ray
diffraction (XRD) was used to quantify parameters of fine structure and crystalline lattice.
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Measurements by XRD were conducted with a diffractometer DRON-3.0 using Cu Kα

radiation and a Cr filter.

2.3. Mechanical Properties Measurement

Hardness and microhardness were measured on TK-2 and PMT-3M instruments,
respectively. Hardness and microhardness were calculated as average values based on the
results of 5 and 10 measurements, with accuracies of ±1 unit and ±200 MPa, respectively.
The wear resistance of the test samples (Ø 40.0 ± 0.1 mm, thickness 10 mm, weight up to
82 g) was determined using the SMC-2 testing machine at a constant speed of rotation of
the driving shaft (300 rpm). The value of slippage of the sample and the counter body was
kept kinematically at 10%, and the pressing force was set at 800 N. Wear was determined
by the loss of mass of the samples for 60,000 rotations of the sample, with an accuracy
of 0.0001 g.

2.4. Heat Treatment

The experimental heat treatment technology included heating and holding the steel
samples at a temperature of 750 ◦C for 20 min, cooling to the temperature of isothermal
holding (650–400 ◦C) in air, holding for 20 min in a furnace, and cooling in air. A chamber
for DCT, which was used in this research, was designed and manufactured by the Institute
of Physics NAS of Ukraine (Kyiv, Ukraine). Cooling in the cryogenic treatment chamber
was achieved using liquid nitrogen after its gasification. Its flow was regulated by a digital
controller of temperature. Samples were treated at −196 ◦C with a cooling rate of 1 ◦C per
minute. Holding times were installed as 10 min, 1 h, and 22 h. After DCT, samples were
heated to room temperature at a rate of 1 ◦C per minute. Schemes of the basic mode of heat
treatment and including the DCT stage are represented in Figure 1.
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3. Results
3.1. Structure Formation under Isothermal Hardening

To increase the wear resistance of 38CrNi3MoV steel products while ensuring the re-
quired hardness (less than 40 HRC before machining), the option of obtaining a multiphase
troostite–bainite–martensite structure was considered [3,4]. As a technology that allows
one to obtain such a structure, isothermal hardening was used [5].

The hardness of the investigated samples depending on the temperature of isothermal
holding is shown in Figure 2, and their microstructures are presented in Figure 3.
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Figure 2. Dependence of steel hardness on isothermal holding temperature.

The microstructure of steel at isothermal holding temperatures of 750–600 ◦C consisted
mainly of martensite with high hardness (Figure 3a). At the isothermal holding temperature
of 500 ◦C, a small amount of troostite was formed in the steel structure (see Figure 3b).
The amount of troostite increased with the decrease in isothermal holding temperature
(Figure 3c,d). When holding 38CrNi3MoV steel at the temperature of 750 ◦C for 20 min, no
primary ferrite was precipitated. Upon subsequent cooling, structural components of the
eutectoid and quasi-eutectoid types were formed.
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Steel hardness had the required values (less than 40 HRC) at the holding tempera-
ture of 450–400 ◦C. The basic mode of heat treatment guaranteed the initial hardness of
38CrNi3MoV steel of less than 40 HRC, and the stabilization of RA (see Figures 3d and 4).
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The microstructure of the sample processed by this mode consisted mainly of troostite
(homogeneous areas), with a microhardness of 3620 MPa, and light inhomogeneous areas
of bainite + RA, with a microhardness of 6350 MPa (Figure 4a,b).

The bainite of steel, which was formed in 38CrNi3MoV steel during the isothermal
treatment, contained particles of carbides, predominantly of cementite type, light small
particles of 0.2–1.0 µm in size (Figure 4c). The steel structure also had areas with high
austenite contents and semi-coherent precipitation of carbide particles (Figure 4d).
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The subsequent X-ray microanalysis showed (see Figure 5 and Table 1) that the quasi-
eutectoid and bainitic components were formed mainly in the inter-dendritic areas of
the structure, with high contents of nickel, silicon, chromium, and molybdenum, while
vanadium was uniformly distributed in the solid solution.

Holding the steel at an intermediate temperature of 750 ◦C contributed to the release
of these carbides and the stabilization of RA, which was part of the bainite–austenite
formations. The amount of RA reached values of about 10.8%.



Appl. Sci. 2023, 13, 9143 7 of 14
Appl. Sci. 2023, 13, 9143 7 of 14 
 

 
Figure 5. X-ray microanalysis of 38CrNi3MoV steel sample after isothermal heat treatment (see 
Table 1 for values 1–10). 

Table 1. Values of chemical element contents for the different points in Figure 5. 

Points V Cr Mn Si Ni Mo Fe 
1 0.00 1.21 0.48 0.34 2.87 0.17 94.93 
2 0.06 1.02 0.21 0.18 3.11 0.69 94.73 
3 0.00 0.96 0.53 0.37 3.41 0.22 94.51 
4 0.00 1.15 0.39 0.29 3.18 0.49 94.50 
5 0.09 0.89 0.44 0.31 2.74 0.51 95.02 
6 0.00 1.07 0.26 0.33 2.68 0.37 95.29 
7 0.00 1.17 0.18 0.26 3.03 0.32 95.04 
8 0.00 0.88 0.59 0.41 2.91 0.46 94.75 
9 0.11 0.81 0.48 0.44 2.74 0.53 94.89 

10 0.00 1.28 0.55 0.38 3.09 0.44 94.26 

3.2. Structure Formation under Deep Cryogenic Treatment (DCT) 
The following cryogenic treatment had a significant effect on the microhardness of 

the structural components of steel (Figure 6a) and the amount of RA (Figure 6b). This 
indicates that the use of DCT in the heat treatment contributed towards the RA trans-
formation into martensite. The increase in microhardness obtained for the 38CrNi3MoV 
steel samples was about 22.3%. Measurements of the content of RA both by the X-ray 
and ultrasound methods confirm its metastability and tendency towards transformation 
during DCT (Figure 6b). 

  
(a) (b) 

Figure 6. Influence of DCT holding time on the microhardness of structural components (a) and 
the amount of RA (b) in the 38CrNi3MoV steel. 

Figure 5. X-ray microanalysis of 38CrNi3MoV steel sample after isothermal heat treatment (see
Table 1 for values 1–10).

Table 1. Values of chemical element contents for the different points in Figure 5.

Points V Cr Mn Si Ni Mo Fe

1 0.00 1.21 0.48 0.34 2.87 0.17 94.93
2 0.06 1.02 0.21 0.18 3.11 0.69 94.73
3 0.00 0.96 0.53 0.37 3.41 0.22 94.51
4 0.00 1.15 0.39 0.29 3.18 0.49 94.50
5 0.09 0.89 0.44 0.31 2.74 0.51 95.02
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8 0.00 0.88 0.59 0.41 2.91 0.46 94.75
9 0.11 0.81 0.48 0.44 2.74 0.53 94.89

10 0.00 1.28 0.55 0.38 3.09 0.44 94.26

3.2. Structure Formation under Deep Cryogenic Treatment (DCT)

The following cryogenic treatment had a significant effect on the microhardness of the
structural components of steel (Figure 6a) and the amount of RA (Figure 6b). This indicates
that the use of DCT in the heat treatment contributed towards the RA transformation into
martensite. The increase in microhardness obtained for the 38CrNi3MoV steel samples was
about 22.3%. Measurements of the content of RA both by the X-ray and ultrasound methods
confirm its metastability and tendency towards transformation during DCT (Figure 6b).
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The transformation of RA into martensite during DCT is fully confirmed by the
electron microscopic investigation of the steel structure (see Figure 7).

These microstructures clearly show how the RA in the form of globules (Figure 7a,b),
needles (Figure 7c) and packets (Figure 7d) transformed into martensite of the correspond-
ing morphology. Figure 7d shows, that one part of the austenite grain has turned into a
martensite packet, and the other part has been preserved as RA.
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Increasing the exposure time of the samples at liquid nitrogen temperature had al-
most no effect on the microstructure of the samples observed using a light microscope
(Figure 8a,b), but affected both the microhardness of the structural components and the
content of RA. When held for 10 min in liquid nitrogen, the largest amount of RA was
converted and the microhardness of the steel increased significantly (Figure 6a).

Holding samples at the temperature of liquid nitrogen for a longer time contributed to
the further transformation of RA, increased microhardness (Figure 6a), and the formation
of finer martensitic laths [38,39] (Figure 8c,d). A possible mechanism for such a process
will be discussed below.
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Cryogenic treatment of steel for 10 min followed by heating had practically no effect
on the distribution of alloying elements in the structure (see Figure 9 and Table 2). The
exception was vanadium, which became more isolated, presumably in carbide inclusions.
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Table 2. Values of chemical element contents for the different points in Figure 9.

Points V Cr Mn Si Ni Mo Fe

1 0.00 1.01 0.47 0.31 3.01 0.34 94.86
2 0.00 1.22 0.49 0.35 3.22 0.52 94.20
3 0.01 0.99 0.19 0.26 2.74 0.37 95.44
4 0.08 0.88 0.21 0.23 3.21 0.46 94.93
5 0.00 0.85 0.41 0.39 2.87 0.41 95.07
6 0.00 0.98 0.44 0.45 2.64 0.54 94.95
7 0.00 0.85 0.58 0.52 2.75 0.61 94.69
8 0.17 0.92 0.61 0.47 3.09 0.18 94.56
9 0.00 0.84 0.66 0.49 2.77 0.62 94.62

10 0.11 1.10 0.28 0.38 3.07 0.39 94.67

4. Discussion

Comparative testing of 38CrNi3MoV steel samples treated under different modes
showed high wear resistance of 38CrNi3MoV steel samples after experimental treatment
and its increase during cryogenic treatment (Table 3).

The basic mode of hardening (quenching with low tempering) provided a high hard-
ness of 38CrNi3MoV steel with the lowest wear resistance. Thus, the increased hardness of
alloyed steel is not a guarantee of its high wear resistance. Isothermal hardening, according
to experimental modes from temperatures of 850 ◦C and 750 ◦C, resulted in higher wear
resistance, by 29% and 48%, respectively, of 38CrNi3MoV steel as compared to the usual
hardening mode.

Experimental mode of hardening from the two-phase area and DCT within 1 h pro-
vided a significant 58% increase in the wear resistance of 38CrNi3MoV steel. Hence,
this mode can be the most efficiently applied for the heat treatment of critical parts of
38CrNi3MoV steel.

Table 3. Effect of treatment type on hardness RA content and wear of 38CrNi3MoV steel.

No Treatment Modes Hardness, HRC Retained Austenite, % Wear, %

1 850 ◦C, oil quenching, tempering at 230 ◦C, 2 h 47.5 7.7 0.159
2 850 ◦C, isothermal hardening at 230 ◦C, 2 h 46.0 9.5 0.112

3 750 ◦C, cooling to 400 ◦C, 20 min, air cooling
(basic mode) 36.3 10.8 0.083

4 Basic mode + DCT 10 min 41.5 2.6 0.078
5 Basic mode + DCT 1 h 43.3 1.2 0.066
6 Basic mode + DCT 22 h 45.7 0.3 0.072

In the samples of investigated steel, DCT for 10 min led to the transformation of
soft austenite into hard martensite, which resulted in higher hardness (Table 3). In these
samples, decreases in block sizes and increases in microdistortions of the crystal lattice in
steel were found (Table 4) after DCT. First, this was caused by the volume change of the
newly formed martensite, which led to the multiplication of dislocations and an increase
in stresses.

Table 4. Effect of DCT holding time on the parameters of fine structure and crystal lattice in
38CrNi3MoV steel.

No Treatment Modes Parameter a110, Å Size of Blocks D, nm Magnitude
∆a/a × 10−3

Density
ρ × 1012, cm−2

1 Basic mode 2.8609 11.3 2.1 3.9
2 Basic mode + DCT 10 min 2.8645 8.6 3.9 6.7
3 Basic mode + DCT 1 h 2.8668 5.2 3.3 8.4
4 Basic mode + DCT 22 h 2.8652 4.1 3.0 10.1
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The second possible mechanism may be related to local thermal stresses. The atomic
probe tomography of quenched steel performed in [34] showed that there are local clus-
ters enriched in carbon, which agrees with our electron microscopy data. Experimental
studies of Fe-C alloys [52,53] have shown the significant dependence of thermal expansion
on the carbon concentration and increases in coefficient differences at low temperature.
Differences in local thermal expansion cause increased microstress, leading to dislocation
multiplication [39,54]. Hence, in our case, it can be assumed that inhomogeneous distri-
bution of carbon and other elements [34,55] creates carbon clusters and nanocarbides in
microareas of metastable austenite. They have a thermal expansion coefficient different
from the main matrix, which leads to local stresses, γ→α lattice transformation, and dis-
location multiplication upon cooling to cryogenic temperatures. Clusters of carbon upon
subsequent heating to room temperature are sites for the formation of additional dispersed
carbides in the structure of alloyed steel [11,12,34,38,55].

Part of the resulting microstresses can be gradually removed during longer cryogenic
holding by a local isothermal transformation of metastable austenite into fine acicular
martensite [37] with small block sizes (Table 4, Figure 7c,d). An increase in the exposure
time at cryogenic temperatures, therefore, can promote a reduction in the parameter a value
and microdistortions in the crystal lattice of steel, and increase its dislocation density as a
result of the isothermal formation of martensite [56,57].

The processes occurring during DCT affect the wear resistance of alloy steel. In our
case, an increase in holding time at cryogenic temperature to 22 h did not lead to a higher
wear resistance, presumably due to its increased hardness and brittleness in the absence of
RA. The samples of alloyed steel, hardened according to the generally accepted technology,
and having high hardness, also had reduced wear resistance (Table 3).

5. Conclusions

1. In order to create a multiphase structure of 38CrNi3MoV steel containing RA (7.5–10.8%),
isothermal hardening at the (γ+α)-area is proposed. When holding 38CrNi3MoV steel at
the temperature of 750 ◦C for 20 min, no primary ferrite was formed. Upon subsequent
cooling, structural components of the eutectoid and quasi-eutectoid types were formed.
A significant effect of isothermal holding temperature on the structure and hardness of
alloyed steel has been established. The bainite of steel contained particles of carbides,
predominantly of cementite type, 0.2–1.0 microns in size, which were formed during
the isothermal treatment of 38CrNi3MoV steel.

2. Using X-ray microanalysis, it was shown that quasi-eutectoid and bainitic components
were formed mainly in the inter-dendritic sections of the steel structure, with high
contents of nickel, chromium, and molybdenum.

3. The use of DCT, according to the proposed mode of hardening of 38CrNi3MoV steel,
resulted in a significant transformation of RA into martensite, increasing microhard-
ness by 22.3%.

4. Isothermal hardening of 38CrNi3MoV steel at the (γ+α)-area contributed to an in-
crease in wear resistance compared to traditional heat treatment modes.

5. Application of DCT to 38CrNi3MoV steel for 10 min led to the transformation of
austenite into martensite, increasing hardness and wear resistance. In the experimental
samples of 38CrNi3MoV steel, the block sizes decreased and microdistortions of the
crystal lattice increased.

6. The experimental mode of hardening and DCT with a holding time of 1 h provided the
greatest increase (by 58%) in the hardness and wear resistance of 38CrNi3MoV steel,
and can be recommended for implementing as a hardening technology for critical
metal parts.

7. An increase in the DCT time to 22 h did not lead to an increase in the wear resistance
of 38CrNi3MoV steel, presumably due to an increase in hardness and brittleness in
the absence of RA. Samples of 38CrNi3MoV steel with high hardness, hardened by
conventional technology, also had reduced wear resistance.
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