
Mechanical Properties of Plasma-Hardened 5% 
Chromium Tool Steel Deposited by Arc Welding 

Plasma heat treatment promotes an increase in mechanical properties 
of deposited metal 

BY L. K. LESHCHINSKIY AND S. S. SAMOTUGIN 

ABSTRACT. A complex technology is 
proposed to increase the mechanical 
properties of tools, dies and machine 
components for hot work of metals. The 
combination of hardfacing with a 5% 
chromium deposited metal and subse- 
quent surface treatment using a highly 
concentrated plasma jet creates a hard 
surface along with resistance to breakage 
upon impact. The extremely fine-grained 
martensite structure and relevant prop- 
erty gradients of the plasma-jet-hardened 
layer are almost identical to those treated 
by laser and electron beams. 

Due to rapid phase recrystallization, 
the dissolution of primary carbides and 
the saturation of a solid solution with car- 
bon and alloying elements develop. This 
leads to an increase in the degree of 
tetragonality, microdistortions of the 
crystal structure and to an increase in 
hardness without a decrease in dynamic 
fracture toughness because of the high 
dislocation density and mosaic block 
size reduction. 

In its mechanical properties, marten- 
sitic 5% chromium (0.20% C) deposited 
metal after plasma hardening is close to 
chromium hot-work die steels, signifi- 
cantly surpassing them in dynamic frac- 
ture toughness. 

Introduction 

Hardfacing has traditionally been 
used to increase the performance of ma- 
chine components, tools and spare parts. 
Through the proper selection of a hard- 
facing alloy and process, there is the pos- 
sibility of achieving high service proper- 
ties and of reducing the consumption of 
metal. For hardfacing of tools, dies and 
machine components used for hot defor- 
mation of metal, 5% chromium tool steel 
[5 Cr-0.5 Mo-0.15 V (0.20 C)] is widely 
used (Refs.1, 2), but when compared to 
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hot-work die steels, it needs improve- 
ment in mechanical properties and wear 
resistance. 

A promising method for improving 
hardness and wear resistance, without 
the additional alloying of deposited 
metal, is a surface heat treatment using a 
highly concentrated heat source. The sur- 
face heat treatment of metals by a highly 
concentrated plasma jet similar to the 
heat sources used more extensively - -  
laser and electron beams-- makes it pos- 
sible to carry out the power density 
104-105 W/cm 2. Although not many ex- 
perimental data reports are available on 
plasma hardening, experience with the 
application of plasma hardening indi- 
cates the cooling rates of the surface lay- 
ers of steels, their structure and hardness 
are almost identical to those of the same 
materials hardened by laser and electron 
beams (Refs.1, 3-5). 

Recent studies of plasma surface treat- 
ment have shown high compressive resid- 
ual stresses are formed in the quenched 
layer. These stresses rapidly decrease at 
the boundary of the quenched layer, 
change their sign and transfer to tensile 
stresses. The nonuniform distribution of 
the residual stresses in the depth of the 
heat-affected zone (HAZ) has a positive 
effect on the fracture toughness of hard- 
ened steels: cracks, caused by the exter- 
nal cooling, cease to grow at the bound- 
ary of the quenched layer. 

According to the high cooling rates 
and quenched structure in the HAZ of 
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5% chromium deposited metal, reduc- 
tion in impact strength and dynamic frac- 
ture toughness can be expected. This 
paper describes a study conducted to in- 
vestigate the mechanical properties of 
plasma-hardened deposited metal. Ex- 
periments are described and discussed 
using a comparison of microstructures, 
fractographic pictures, X-ray diffraction 
studies and mechanical tests of deposited 
metal in the initial state and after plasma 
surface hardening. The theoretical analy- 
sis is also presented. 

Experimental Procedure 

Following multipass surfacing of 5 Cr- 
0.5 Mo-0.15 V (0.20 C) metal using the 
submerged arc welding process (Ref. 6), 
10 x 10 x 55 mm Charpy specimens were 
sectioned, mounted and plasma hard- 
ened across one of the lateral faces - -  
Fig. 1A. The specimens were machine 
finished, including notching of the very 
sharp, narrow notch in the middle of 
HAZ - -  Fig. lB. The sharpness of the 
notch tip promoted early crack initiation 
in the Charpy test; therefore, it simulated 
a natural crack well enough to provide a 
valid dynamic fracture toughness Kla test 
result (Refs. 7, 8). The tests were con- 
ducted at 20°C and ten specimens were 
tested for each structural constitution. 
When the Charpy test of each specimen 
was completed, its shape after fracture 
was checked to be sure the specimen was 
fractured in the plane-strain fracture 
toughness test. 

The determination of K1 a based on 
Charpy impact tests requires proof the 
specimen size used is satisfactory. The 
correlation criterion (Refs. 7, 8) pertains 
to a Charpy precracked specimen thick- 
ness of B > 2.5 (KJoy) 2. For 5 Cr-0.5 Mo- 
0.15 V (0.20 C) deposited metal, K~a -- 30 
MPa~]m, oy = 900 MPa is the yield 
strength in tension. The calculation de- 
termines that when the left-hand member 
B is equal to 10 mm, it is about ten times 
greater than the right-hand member of 
this inequality. 
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Fig. I - -  Multipass deposited metal sectioned into specimens for notch bar impact test- 
ing (A) and forming of the notch in the specimens (B). 
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Fig. 2 - -  Cross section of the HAZ of plasma hardening and distribution of the hard- 
ness at the surface (Z = 0) of the deposited metal 5 Cr-0.5 Mo-O. 15 V (0.20 O. A - -  
Without overlapping of the HAZ; B - -  with 30% overlap. 

Following impact tests, fractured sur- 
faces were analyzed with a scanning 
electron microscope. Polished and 
etched sections were examined using an 
optical metallograph at magnification up 
to 550X. Thin foil electron micrographs 
were obtained at different magnifications 
to further analyze the structure of differ- 
ent regions of the HAZ. The carbide con- 
tent was determined from the ratio of the 
masses of deposit precipitated during 
electrolytic distribution and the dissolved 
part of the specimen. Phase constitution 
and crystal lattice parameters in speci- 
mens of deposited metal in an initial state 

and after plasma hardening were deter- 
mined using an X-ray diffractometer 
(Refs. 9, 10) (see Appendix). 

Standard metallurgical procedures 
were used to prepare samples for hard- 
ness studies. A Vickers indenter with a 
100-g load was used to measure hard- 
ness along the different regions of the 
HAZ and the unaffected deposited metal. 
The wear testing configuration included 
unidirectional metal/metal sliding with 
an oil-abrasive interlayer between the 
surfaces. This is related to the wear test- 
ing configuration listed by the American 
Society for Lubrication Engineers (Ref. 8). 
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Fig. 3 - -  Hardness profile of 5% chromium deposited 
metal quenched with a plasma jet. 

Results and Discussion 

A single pass of the plasma jet with ex- 
tremely high heating and cooling rates 
forms a heat-affected zone of a circular 
segment with the maximum depth (up to 
5 mm) in the center and gradual reduc- 
tion of the depth to zero when ap- 
proaching the edge (the width is up to 20 
mm) (Refs. 1,3-5). Table 1 shows the cal- 
culated values of the heating temperature 
and cooling rates in the HAZ of deposited 
metal 5 Cr-0.5 Mo-0.15 V (0.20 C) for 
distinct values of arc current I, travel 
speed of the torch V and plasma gas re- 
striction orifice D of the plasma jet with 
a power of 30 kW generated by a non- 
transferred plasma torch with a sectional 
interelectrode insert. Calculated data 
were determined for the model of heat- 
ing of a semi-infinite body by the Gauss- 
ian power density distribution of the 
moving heat source. Plasma surface 
hardening is carried out without HAZ 
overlapping (Fig. 2A) as well as with HAZ 
overlapping - -  Fig. 2B. The advantage of 
treatment without HAZ overlapping is 
the formation of a hardened layer with 
more uniform hardness and higher wear 
resistance on the surface when compared 
to the treatment with HAZ overlapping. 
At the same time, however, in the latter 
case, the depth of the hardened layer is 
more stable. 

The structure of the HAZ of a plasma 
jet single-pass hardened surface is inho- 
mogeneous. The quenched zone 
(marked 1 in Fig. 2) is placed directly 
below the hardened surface, where the 
rapidly increasing temperature is higher 
than Ac3. By increasing the distance to 
the surface, the transition region of the in- 
complete quenched structure (marked 2 
in Fig. 2) develops according to the heat- 
ing temperature range Ac3-Ac,. Below 
this zone, the metal of the initial structure 
remains unchanged (marked 3 in Fig. 2). 
The hardness values obtained in the 
quenching zone are relatively constant 

26-s I JANUARY 2001 



but drop steeply in the transition region 
to the values of the initial state of the de- 
posited metal - -  Fig. 3. It shows the size 
of the transition zone is not more than 0.5 
mm, so the boundary between the 
quenched and initial structures (Fig. 4) 
can be described as abrupt. 

A narrow (about 2 mm) tempering 
zone is present in the quenched zone of 
the first pass of the plasma jet, where the 
second pass overlaps the first (Fig. 2B), 
and the temperature of reheating in this 
region is higher than Ac3 (marked 4 in 
Fig. 2). The microstructure of the different 
regions of the HAZ of the 5 Cr-0.5 Mo- 
0.15 V (0.20 C) deposited metal is shown 
in Fig. 5. 

The initial structure of the 5 Cr-0.5 Mo- 
0.15 V (0.20 C) deposited metal consists 
of highly tempered lath martensite. At 
larger magnification it is possible to see 
the remaining stretched crystals, contain- 
ing polygonal-shaped subgrains - -  Fig. 
6A. Their dimensions do not exceed the 
thickness of the initial martensite crystals. 
Such a structure is formed in the process 
of surfacing of subsequent layers during 
the rapid cooling in the temperature range 
of the phase transformation. This results 
from rapid heat removal in the base metal, 
following heating to the temperature of 
significant tempering, when the next lay- 
ers of metal are deposited (Ref. 6). Lower 
carbon content in martensite (Table 2), 
when compared to the steel composition, 
testifies significant tempering takes place. 
At the same time, alloying with 
chromium, molybdenum, vanadium and 
silicon, accompanied by a lower rate of 
separation and growth of secondary car- 
bides, protects some supersaturation of 
the s-solid solution (Ref. 11 ) because of a 
decrease in the rate of carbon diffusion 
and an increase in the strength of chemi- 
cal bonds in the crystal lattice of the ~- 
solid solution. The carbon content in the 
initial martensite remains high. 

The initial structure of the deposited 
metal is characterized by the presence of 
a large quantity of carbides. The carbide 
phase is represented by cementite Fe3C 
and complex carbides Me23C6. The hard- 
ness of the deposited metal is HV 
390-410 (Table 2) and, according to 
modern classification, it can be classified 
as a martensite-carbide steel. 

Following surface heating with a 
highly concentrated plasma jet, natural 
cooling at a speed of the order of 105°C/s 
leads to the formation of a hardened zone 
with a fine-grained martensite structure. 
The morphology of martensite at plasma 
quenching does not change. Mostly lath 
martensite is formed; however, it is sig- 
nificantly fine-grained - -  Fig. 6B. The av- 
erage lath thickness, as visible in a thin- 
foil plane, is about 0.1 ~tm; the size of 

Fig. 4 - -  Microstructure of the 5 Cr-0.5 Mo- 
0.15 V (0.20 C) deposited metal at the 
boundary of the quenched and initial struc- 
ture (400X). 

sheaves (packets) being up to 2 p~m. 
Within the limits of one sheaf (packet), 
some adjoining subgrains are disoriented 
at angles of 2 to 3 deg, separated at the 
plane { 110}(zl I{ 111 }7 by small-angle dis- 
location subboundaries (mostly twisted). 
Such a group can be presented as a 
monocrystal with a layered dislocation 
structure, without full relaxation, be- 
cause of high dislocation density inside 
each subgrain (Ref. 11). In addition to 
lath martensite, about 15% of the plate 
martensite is also detected in the struc- 
ture of the hardened zone. 

The constitution of the carbide phase 
after plasma hardening is changed fun- 
damentally by the dissolution of cemen- 
tite and of a large part (more than a half) 
of the special carbides. Additionally, the 
martensite matrix is saturated with car- 
bon and alloying elements, all of which 
lead to an increase in parameters p, (z c/c~ 
and Ao~/o~. The martensite structure in the 
plasma quenching zone is also signifi- 
cantly changed by the splitting of mosaic 
blocks and an increase in dislocation 
density to more than an order- -  Fig. 6C. 

Such martensite may not be character- 
ized on the radiographs as a structure of 
tetragonal crystal lattice featured in di- 
vided doublets. This is explained by the 
formation of an inhomogeneous tetrago- 
nal structure resulting from the partial de- 
composition (self-tempering) of marten- 
site. Within the martensite laths, thin 
plate-like carbide particles (tertiary car- 
bides) oriented in several directions, are 
precipitated - -  Fig. 6D. The submicro- 
scopic dimensions of these carbides (sev- 
eral orders less than those of martensite 
laths), the remaining high carbon content 
in (x-solid solution and the remaining pa- 
rameters (~, c/~ and A~(~ testify self-tem- 

Fig. 5 - -  Optical micrographs of the 5 Cr- 0.5 
Mo- 0.15 V (0.20 0 deposited metal at the 
HAZ regions. A - -  At the quenched zone 
(marked 1 in Fig. 1); B - -  at the tempered 
zone with HAZ overlapping (marked4 in Fig. 
I); C - -  at the initial structure (marked 3 in 
Fig. 1) (550X). 

pering of finely dispersed martensite in 
the plasma quenched zone is stopped at 
the initial stage. Martensite of this zone in 
its parameters is practically the same as 
the original martensite. Similar results had 
been received for laser surface hardening 
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Fig. 6 - -  Electron micrographs of the structure of the 5 Cr-0.5 Mo-O. 15 V (0.20 C) deposited 
metal A - -  In the initial state (22,000X); B - -  martensite laths (marked L 1 to L 4) (18,000X); C - -  
carbide phase in martensite (marked P) (32,000X); D - -  dislocations in martensite (marked S) 
(52,000X); E - -  retained austenite (marked R) and martensite (32,000X). B through E are after 
plasma hardening. 

for steels of the same type of composition 
(Ref. 12, 13), as well as for plasma hard- 
ening of tool steels (Ref. 14, 15). 

The retardation of martensite self-tem- 
pering during rapid hardening is caused 
by inhomogeneity of carbon distribution 
in co-solid solution, which is inherited 
from austenite in the areas of increased 
carbon content (related to the average 
carbon content in the initial state of de- 
posited metal). These areas are more sta- 
ble against the decomposition. Another 
confirmation of the retardation in self- 
tempering and the concentrated inhomo- 
geneity of martensite is the appearance of 
a heavily degenerated singlet (002) in the 
X-ray structure analysis. 

Supersaturation of a solid solution 
with carbon and alloying elements as a 
result of primary carbide dissolution pro- 
motes an increase in hardness of de- 
posited metal and a steep increase in dis- 
location density with a simultaneous 
increase in strength and deformation 
ability. The remaining small special car- 
bides and submicroscopic tertiary car- 
bides in martensite crystals of the 
quenched zone cannot be regarded as a 
separate hardening phase, but only as a 
particular in the stimulation to self- 

harden the martensite phase. Therefore, 
the 5 Cr-0.5 Mo-0.15 V (0.20 C) de- 
posited metal after plasma hardening 
should be classified as belonging not to 
the martensite-carbide class but strictly 
to the martensite class. Finely dispersed 
martensite can play the role of a matrix, 
as well as of a strengthening phase. Such 
a structure of the hardened metal has a 
higher level of mechanical properties as 
compared to the initial state - -  hardness, 
impact strength, dynamic fracture tough- 
ness (Table 2). In addition, heat resistance 
is increased: hardness around HV 500 re- 
mains while the heating temperature is 
raised up to 550°C. If stress-relief bulk 
tempering is used after hardfacing before 
plasma hardening, heat resistance can 
reach 570°C (Ref. 1). 

The increased retained austenite con- 
tent also promotes the improvement of 
mechanical properties of the hardened 
deposited metal, especially of dynamic 
fracture toughness. The y-phase in the 
conditions of high heating and cooling 
rates, short exposure time during plasma 
surface treatment and inhomogeneity of 
the solid solution (diminishing of tem- 
perature range Ms-Mr), acquires a very 
fine-grained structure. Because retained 

austenite is located mainly in the inter- 
layers between martensite laths (Fig. 6E), 
this makes it possible to regard such a 
structure as a layered quasi-composite, 
like the laser surface treatment of cast 
steel of similar composition (Ref. 12). 

The special features of the phase and 
structural transformation of plasma sur- 
face hardening also influence the in- 
creasing impact strength and dynamic 
fracture toughness of 5% chromium de- 
posited metal. The Charpy impact testing 
system allowed, in addition to the values 
of impact strength, the recording and 
identifying of various stages of the failure 
process, while measuring the impact ve- 
locity, etc. - -  Fig. 7. This is especially im- 
portant when a complicated failure 
process develops for a specimen of hard- 
ened steel with the cross section of an 
abrupt boundary from the quenched 
(harder) structure to the initial (softer) 
structure. The failure process is initiated 
and extends within the hardened layer. 
However, at the boundary, it ceases to 
propagate. To continue the failure process 
of such a specimen, significantly more 
Charpy energy is necessary (Fig. 7B) when 
compared to the energy necessary for the 
failure of the specimen with a homoge- 
neous structure - -  Fig. 7A. The data on 
impact strength (CVN = 48.0 J) and dy- 
namic fracture toughness (Kid = 32.5 
MPaqm) of the deposited metal after 
plasma surface hardening show the en- 
hancement as compared to the results of 
the testing with a similar procedure for the 
same type of specimens of the bulk-hard- 
ened chromium hot-work die steel 5 Cr- 
1.7 Mo-0.32 V (0.33 C). In the latter case, 
CVN = 36.0 J and Kid = 25.3 MPaqm. 

To obtain a better understanding of 
the failure micromechanism of plasma- 
hardened 5 Cr-0.5 Mo-0.15 V (0.20 C) 
deposited metal, a fractographic exami- 
nation was carried out on the fracture 
surfaces of impact test specimens. The 
failure micromechanism of the deposited 
metal in the initial state is quasi-brittle, a 
combination of transcrystalline cleavage 
(dominant) + ductile microvoid coales- 
cence - -  Fig. 8A. Plasma hardening 
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causes a qualitative change in the failure 
micromechanism, it converts to purely 
ductile microvoid c o a l e s c e n c e -  Fig. 
8B. As the data on the mechanical prop- 
erties of the deposited metal show (Table 
2), after plasma heat treatment, an in- 
crease in hardness of the metal with ex- 
tremely fine-grained martensite structure 
develops at the same time as an increase 
in impact strength and dynamic fracture 
toughness. This is the main advantage of 
the proposed complex technology, in- 
cluding hardfacing and subsequent 
plasma surface heat treatment. With tra- 
ditional methods of tool and die steel 
hardening using a heat treatment, there is 
an increase in hardness usually with a de- 
crease of impact strength and dynamic 
fracture toughness. 

Two competing failure micromech- 
anisms of 5% chromium (0.20% C) de- 
posited metal in the initial state are per- 
formed - -  transcrystalline cleavage as 
well as ductile microvoid coalescence. 
These are conditional on structure inho- 
mogeneity - -  the presence of relatively 
large grains (packets) of highly tempered 
martensite, large primary carbides and 
dispersed particles of the strengthening 
phase - -  primary and secondary car- 
bides. Kottrell's dislocation model is 
used to describe the micromechanism of 
failure by cleavage (Ref. 1 7). According 
to this model, simultaneous slippage of 
dislocations is carried out in two cross- 
ing planes. By an agglomeration at the 
point of joining, new dislocations ap- 
pear. An agglomeration of dislocations 
of crossing planes occurs more easily 
than in a distinct plane due to the re- 
duction of repulsion forces for disloca- 
tions with the same sign and their larger 
concentration at the top of an agglomer- 
ation. There is a stress concentration in 
the vicinity of this top that leads to the 
initiation of a brittle microcrack in the 
crystallographic plane (100). 

Achieving a purely ducti le micro- 
mechanism of failure of deposited metal 
in the plasma quenching zone causes the 
presence of submicroscopic particles of 
carbides in the finely dispersed marten- 
site matrix and high dislocation density. 
To describe a micromechanism of dimple 
rupture of ductile metal, with precipita- 
tion of a dispersed strengthening phase, 
Yokobori's dislocation model can be 
used (Ref. 1 7). According to this model, 
carbide particles and inclusions are the 
obstacles to the dislocation movement. 
They create the stress concentration 
areas, cause slippage of dislocations and 
develop dislocation cracks such as mi- 
crocavities prior to the onset of the grow- 
ing macrocrack. The failure is accompa- 
nied by macroductile deformation while 
the growth and merging of adjoining cav- 

Table 1 - -  The Calculated Values of the Plasma Jet Heating Temperature and the Cooling Rates 

D, mm I, A V, mm/s Heating Cooling rate*, 
temperature*, °C 10~ °C/s 

6.0 300 7.0 1012/796 5.40/0.36 
9.0 844/673 4.21/0.24 

400 7.0 1282/1011 9.12/0.87 
9.0 1078/824 8.03/0.64 

4.0 300 7.0 802/574 4.25/0.38 
9.0 663/467 3.16/0.24 

400 7.0 984/673 6.48/0.57 
9.0 812/605 4.86/0.42 

The * in the numerator for the depth Z = 1 mm, in the denominator for Z = 3 mm. 

Table 2 - -  The Effect of Plasma Hardening on the Characteristics of 5Cr-0.5Mo-0.15V (0.20 C) 
Deposited Metal 

Characteristics In the initial state After plasma hardening 

Quantity of retained up to 2.0 7.2 
austenite q.,, % 
Carbide phase -10% Fe,C Traces Fe,C 

-5% Me uC, -2% Me:,C, 
True physical widening of 0.0027 0.0032 
diffraction line of o~-Fe [3;,., radian 
Martensite crystal lattice 2.8731 2.8992 
parameter c~, A ° 
Carbon content in martensite 0.147 0.195 
p, % of mass 
Degree of tetragonality of 1.0077 1.0109 
martensite lattice c/c~ 
Microdistortions of crystal 0.47 1.18 
lattice A~o~ x 10 
Dislocation density p 3 10,6, m -' 1.7 24.7 
Mosaic block size (of coherent 1.57 0.43 
scattering areas) S x 10 ,~, m 
Hardness HV 390-410 520-540 
Impact strength CVN, J 42.0 48.0 
Dynamic fracture toughness 28.2 32.5 
Kla MPa~]m 
Relative wear resistance 1.0 1.65 

Fig. 7 - -  Load-time response for Charpy notched bar impact test of  the 5 Cr-0.5 Mo-O. 15 V (0.20 
C) deposited metal. A - -  In the initial state; B - -  plasma hardened. 

ities take place. From a finite moment, 
the localized deformation of ligaments 
between cavities is increased until the 
ligaments break. The fragmentation and 

character of distribution of the secondary 
phase particles determine the size of the 
microcavities. Microcavities can be seen 
on the fracture surface - -  Fig. 8B. 
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Fig. 8 - -  Fracture surface from room temperature impact test of specimens of the 5 Cr-0.5 Mo- 
O. 15 V (0.20 0 deposited metal by means of a scanning electron microscope (400)0. A - -  In 
the initial state; B - -  after plasma hardening. 

Conclusions 

The results, based on the investiga- 
tions, confirm the effect of surface hard- 
ening by a highly concentrated plasma 
jet on the structure and mechanical prop- 
erties of 5 Cr-0.5 Mo-0.15 V (0.20 C) de- 
posited metal validates the fo l lowing 
conclusions: 

• The structure of the deposited metal 
in the initial state is highly tempered lath 
martensite. The carbide phase is repre- 
sented by cementite Fe3C and special 
carbides Me2~C6. 

• Plasma heat treatment of the de- 
posited metal leads to full phase recrys- 
tallization and rapid quenching with for- 
mation of a hardened layer of very finely 
dispersed martensite structure. Marten- 
site morphology does not change; lath 
martensite is being formed. Self-temper- 
ing of martensite in the plasma quenched 
zone is stopped at the initial stage and its 
parameters are practically the same as 
the original martensite. 

• During plasma hardening, the full 
dissolution of the cementite phase and of 
the major part of the special carbides 
takes place, which leads to additional 
saturation of the solid solution with car- 
bon and alloying elements. As a result, 
there is an increase in the martensite 
crystal lattice parameter 0c, degree of 
tetragonality c/~c and microdistortions of 
the crystal lattice A0c/cc. Hardness in- 
creases from HV 390-410 to HV 
520-540. The sharp rise in dislocation 
density p and mosaic block size reduc- 
tion S govern the simultaneous rise in 
hardness, impact strength CVN and dy- 
namic fracture toughness Kid. 

• The rise in the dynamic fracture tough- 
ness of the plasma-hardened deposited 
metal is caused by qualitative alteration of 
the micromechanism of failure from trans- 
crystalline cleavage (Kottrell's dislocation 
model) to ductile microvoid coalescence 
(Yokobori's dislocation model). 
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Appendix: The Determination of 
Phase Constitution and Crystal 
Structure Parameters 

The crystal structure of 5 Cr-0.5 Mo- 
0.15 V (0.20 C) deposited metal in the 
initial state and after plasma hardening 
described in this study was determined 
using X-ray diffraction analysis. 

The martensite crystal lattice parame- 
ter cc was calculated from the equation 
based on Bragg's law: 

~. = 20c.sin0/qh2+k2+12 

where ~, is the X-ray wavelength (for Fe 
Kcc radiation ~, = 1.936A°); 0c is the lattice 
spacing of martensite planes (h, k, I 
planes); h, k, I are the Mi l ler indexes of 
the diffracted direction; 20 is the angle of 
deflection of the crystallographic planes 
[110]~; and [220]~ (the angle was mea- 
sured accurately). The structure factors 
were obtained from the experimental dif- 
fraction pattern and the result was deter- 
mined by the extrapolation of parameters 
CCuo and (~220 to O[g._~90 deg. 

The carbon content in the martensite 
p was calculated based on the inter- 
doublet distance A0 using the calibration 
graphical chart of A0 = f(p). 

The degree of tetragonality of the 
martensite lattice was obtained as c/co = 
1 +0.0467p. 

The microdistortions of the crystal lat- 
tice were calculated from ga/~c = 132J4 
tg e220, where 13 is the interaxial angle. 

The dislocation density p was deter- 
mined from the following equation: p = 
2.4 [32u0 x 1016, m-2. 
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