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Аннотация. Рассматриваемый аналитический метод определения оптимального режима упрочняющей импульсной лазерной обработки (ЛО) 

вольфрамокобальтовых твердых сплавов основан на исследовании закономерностей формирования температурного поля при упрочнении 
твердых сплавов, определении термических напряжений, возникающих в зоне лазерного воздействия (ЗЛВ) при лазерной импульсной 
обработке, и сравнении их с напряжениями разрушения отдельных структурных элементов сплава. Оптимальными режимами упроч-
няющей ЛО сплавов группы ВК считаются режимы, удовлетворяющие двум критериям. Во-первых, температура на поверхности ЗЛВ 
должна находиться в интервале 1290 °С < T < 1400 °С, когда в ЗЛВ не присутствуют разупрочняющие сплав фазы типов η-Co3W3C, 
θ-Co3W2C, χ-Co3W9C4 , а укрупнение зерен карбидной фазы незначительно. Во-вторых, в ЗЛВ недопустимо появление трещин произволь-
ного масштаба, то есть термические напряжения, возникающие в результате ЛО, не должны превышать напряжений разрушения струк-
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Abstract. The considered analytical method for determining the optimal mode of hardening pulsed laser treatment (LT) of tungsten-cobalt hard alloys 

is based on the study of the patterns of temperature field formation during hardening of hard alloys, determination of thermal stresses occurring 
in the laser exposure zone (LEZ) during laser pulse treatment, and their comparison with the stresses of fracture of the alloy individual structural 
elements. The optimal modes of hardening LT of the alloys of WC group are considered to be modes that meet two criteria. First, the temperature 
on the LEZ surface should be in the range of 1290 °C < T < 1400 °C, when the alloy does not contain weakening it phases of the η-Co3W3C, 
θ-Co3W2C, or χ-Co3W9C4 types, and increase in grain size of the carbide phase is insignificant. Secondly, cracks of an arbitrary scale are unaccep
table in the LEZ, that is, the thermal stresses resulting from the fracture should not exceed the stresses of fracture of the alloy structural elements. 
The calculation of thermal stresses occurring in a hard alloy during LT within a single carbide grain was carried out in accordance with the Hooke’s 
law. Calculations performed for both single and multiple treatments allow us to establish that for all the studied modes, with variations in the laser 
energy density from 0.9 to 1.8 J/mm2 and treatment multiplicity from 1 to 10, when the surface temperature is in the range of 1290 – 1400 °C, 
the thermal stresses in the carbide phase are lower than minimum fracture stresses and do not exceed 80 MPa. The proposed analytical method for 
determining the limiting energy characteristics makes it possible to establish pulsed LT modes that provide dispersion hardening of hard alloys 
of the WC group in the absence of destructive changes in the material. The data obtained on defect-free LT modes are in good agreement with 
the earlier results of measurements of acoustic emission signals during treatment of hard alloys (VK8 alloy). 
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 Introduction

In mechanical engineering production, the  primary 
tool materials are hard alloys, specifically WC–Co system 
alloys with a cobalt content of 6 – 8 wt. %. Modern indust
rial demands require enhanced wear resistance of hard-
alloy cutting tools (CT), primarily due to the expanding 
range of  workpiece materials  – from heat-resistant and 
high-temperature alloys to composite materials. Various 
approaches have been proposed to address this issue by 
modifying the composition and structure of hard alloys, 
both in the bulk and at the surface. One such method is 
hardening laser treatment (LT) of the rake face of the cut-
ting edge. This method has been shown to  significantly 
increase the service life of hard-alloy tools – by several 
times  [1 ‒ 3]. Nevertheless, in mechanical engineer-
ing practice, laser hardening of  CTs is used much less 
frequently than other methods, such as the  application 
of wear-resistant coatings [4; 5]. Wear-resistant coatings, 
like the modified structures formed in the  surface layer 
of the laser treatment zone, act as effective barriers against 
diffusion interaction between the  workpiece and tool 
materials under high cutting speeds. After LT, increased 
resistance to fracture of the cobalt binder phase – mani-
fested as reduced embrittlement of  the  surface layer 
during tool operation  – is attributed to  the  presence 
of excess tungsten dissolved in cobalt, which inhibits iron 
diffusion into cobalt and the formation of iron – tungsten 
carbides during cutting [6]. 

Despite the  advantages of  laser hardening of  hard 
alloys, one of  the  key challenges in improving the  per
formance of CTs lies in determining the optimal LT modes. 
This is due to the complex stress state formed in the laser 
treatment zone, which arises from the  differing thermo-
physical properties of  the  alloy phases and the  limited 
size of the heated area. The optimal LT mode must ensure 
hardening of  the  alloy while preserving the  continuity 
of the surface layer. When selecting parameters for harde
ning LT of hard alloys, it is essential to develop a prompt, 
reliable, and well-substantiated methodology.

The aim of  this study is to  develop a method for 
determining the optimal pulsed laser treatment mode for 
hardening tungsten – cobalt hard alloys.

 Problem statement

A major advantage of pulsed laser treatment of hard 
alloys – when wear-resistant structures form in the laser 
exposure zone (LEZ)  – is that it can be performed 
without compromising the integrity of the surface layer. 
In  such cases, no additional modification of  the  cutting 
edge geometry is required, which significantly expands 
the range of applications. In particular, this makes it pos-
sible to process replaceable polyhedral hard-alloy inserts 
alongside brazed inserts.

However, the  process of  laser thermal treatment 
of  tungsten–cobalt hard alloys is highly specific due 
to  the  material’s inherent heterogeneity and the  charac-
teristics of  its manufacturing process. As a result, treat-
ment often leads to  destructive changes in the  LEZ, 
including carbide grain coarsening, porosity, crack for-
mation, and the  development of  complex (double) car-
bides [2; 7 ‒ 13].

The requirements for laser irradiation (LI) parameters 
that ensure defect-free processing of hard alloys have only 
been established for a limited number of  specific cases. 
For instance, reference [2] describes single-pass irradiation 
using a Gaussian intensity distribution. To obtain a compact, 
fine-grained remelted layer at the surface, the use of a CO2 
laser operating in pulsed mode is recommended  [11]. 
However, for the most effective approach – repeated laser 
irradiation  [2]  – the  issue of  selecting processing para
meters that ensure defect-free laser exposure and achieve 
actual hardening of the alloy remains unresolved.

Determining the appropriate parameters for LT of hard 
alloys is challenging. At insufficient laser energy densi-
ties, alloy hardening does not occur, while excessively 
high energy densities result in crack formation within 
the laser treatment zone (Fig. 1).

турных элементов сплава. Расчет термических напряжений, возникающих в твердом сплаве при лазерной обработке в пределах одного 
карбидного зерна, выполняется в соответствии с законом Гука. Расчеты, выполненные как для однократной, так и для многократной 
обработки, позволяют установить, что для всех исследованных режимов при вариации плотности энергии лазерного излучения от 0,9 
до 1,8 Дж/мм2 и кратности обработки от 1 до 10, когда температура на поверхности находится в диапазоне 1290 ‒ 1400 °С, термические 
напряжения в карбидной фазе меньше минимальных напряжений разрушения и не превосходят 80 МПа. Предложенный аналитический 
метод определения предельных энергетических характеристик позволяет установить режимы импульсной ЛО, которые обеспечивают 
дисперсионное упрочнение твердых сплавов вольфрамокобальтовой группы при отсутствии деструктивных изменений в ЗЛВ. Полу-
ченные данные о режимах бездефектной лазерной обработки хорошо согласуются с более ранними результатами измерений сигнала 
акустической эмиссии при обработке твердых сплавов (сплава ВК8). 
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Cracks  – regardless of  their origin, location, or 
depth  – are the  primary destructive factor during LT 
and play a critical role in determining the  performance 
of hard alloys  [7; 11 ‒ 14]. Several causes of crack for-
mation in the LEZ can be identified. One major cause is 
the non-uniform energy distribution across the laser beam 
cross-section, which leads to cracks spanning the entire 
treated area. This issue can be addressed, for example, 
by using a focusing prismatic raster  [2; 6; 15], which 
ensures that the  intensity variation in the LEZ does not 
exceed 5 %. The limited heating depth also causes cracks, 
resulting in a fine-meshed pattern on the surface (Fig. 1) 
that penetrates to  a depth comparable to  the  thickness 
of  the  modified layer. Another type of  cracking affects 
the  alloy microstructure itself, with cracks propagating 
through primary α-WC grains or along WC – WC grain 
boundaries. The main contributing factors are the  mis-
match between the  thermal expansion coefficients 
of WC and the cobalt binder phase (αWC = 4.4·10–6 °C–1; 
αCo = 14.2·10–6 °C–1  [1]), strain hardening, and phase 
transformations during LT  – particularly the  formation 
of brittle complex carbides along grain boundaries, which 
deplete cobalt content in the alloy [2; 6; 15].

These mechanisms of  crack formation result from 
the  redistribution of  micro- and macro-stresses within 
the  LEZ. Under rapid heating during laser processing, 
the thermal stresses induced in the LEZ at certain irradia-
tion doses may exceed the fracture stresses of individual 
structural elements of  the  alloy  [1]. This phenomenon 
forms the basis for a method to determine the optimal LT 
parameters for WC–Co group alloys.

Given these considerations, it is appropriate to define 
the limiting energy characteristics of pulsed LT for tung-
sten – cobalt hard alloys based on the onset of microcrack 
formation on the  LEZ surface. LT parameters should 

be selected to  provide maximum surface temperature 
and depth of  the  hardened zone while reliably preven
ting the appearance of microcracks in the LEZ. This can 
be achieved by optimizing both the  energy density and 
the number of laser pulses.

The laser treatment modes that lead to  the  onset 
of crack formation can be experimentally determined by 
gradually increasing the  laser energy density and moni-
toring the  integrity of  the LEZ surface – either through 
visual inspection at (50 – 60)× magnification or by detec
ting acoustic emission (AE) signals  [2]. However, this 
method is labor-intensive and suitable only under labora-
tory conditions.

Therefore, there is a growing need to develop a method 
for rapidly determining the  limiting energy parameters 
of pulsed LT that ensure effective hardening of WC – Co 
group alloys without crack formation. In this study, an ana-
lytical method is proposed based on modeling the  tem-
perature field during LT, calculating the resulting thermal 
stresses in the LEZ, and comparing them with the fracture 
thresholds of the alloy’s structural components.

 Materials and equipment

The study focused on a two-phase hard alloy VK6 
(WC – 6 % Co), which, according to GOST 3882–74, is 
primarily intended for use in cutting and drilling tools. 
A methodology was developed and validated for calcula
ting thermal stresses in the LEZ during pulsed laser treat-
ment of this alloy. The same approach can also be applied 
to other alloys within the WC – Co group.

Irradiation was carried out using a laser system based 
on a pulsed solid-state glass laser doped with neodymium. 
The laser energy density (ε) ranged from 0.8 to 1.8 J/mm2, 
with a pulse duration of  τ = (5 – 11)·10–3 s and a pulse 
repetition rate of  1 Hz. A focusing prismatic raster was 
used to create a uniform distribution of energy density in 
the LT zone at a area of 4×4 mm [2; 6; 15]. Several LT 
schemes and irradiation modes were tested in this study – 
both with and without the raster – and at different number 
of laser pulses (N).

The alloy microstructure after LT was examined on 
cross-sectional specimens using a Neophot-30 optical 
microscope and a Jeol JSM 6390A scanning electron 
microscope.

Temperature field distributions and temperature gra
dients in the LEZ were calculated using the Mathcad soft-
ware package.

 Calculation method

According to  a structural model commonly used 
to  describe the  microstructure of  tungsten–cobalt hard 

Fig. 1. Cracks on the surface of laser treatment  
zone (VK8 alloy) at energy density 2.0 J/mm2,  

treatment multiplicity 10

Рис. 1. Трещины на поверхности зоны лазерной обработки 
(сплав ВК8) при плотности энергии 2,0 Дж/мм2, 

кратности обработки 10
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alloys [1; 16], the key structural elements in sintered hard 
alloys include WC grains, the  cobalt binder, WC – WC 
grain boundaries, and WC – Co interfaces (Fig. 2). 
WC – Co group alloys are composite tool materials whose 
performance under contact loading – such as during cut-
ting  – is governed by the  strength of  each individual 
structural component  [17]. The fracture stresses (σf ) 
of  the  structural elements in the  VK8 alloy are as fol-
lows: cobalt binder layer (1.5 µm thick): σf = 5000 MPa, 
WC grain (2 µm): σf = 180 MPa, WC – WC boundary: 
σf = 80 MPa, WC – Co boundary: σf = 100 MPa  [18]. 
These values indicate that fracture in the alloy most often 
initiates at the WC grain contacts, making the intergranu-
lar boundaries the weakest structural elements. In cont
rast, the  cobalt binder phase is the  most mechanically 
robust.

Finite element modeling of  the  stress state in VK8 
alloy confirms  [19] that the  junctions of WC grains act 
as stress concentrators under both thermal stresses and 
mechanical loads, with local stress intensities several 
times higher than the  applied stress. These findings are 
supported by  [20], which showed that microcracks pri-
marily initiate at WC/WC grain contacts and WC/Co 
phase boundaries. The sequence of  weak links during 
the propagation of a main crack typically follows the path: 
WC/WC → WC → WC/Co → Co.

To model and calculate the  thermal stresses induced 
during laser treatment, a representative structure contai
ning all the alloy’s key elements was analyzed (Fig. 2). 
Within this structure, an individual tungsten carbide grain 

interacting with neighboring grains and the cobalt inter-
layer was isolated. It is assumed that the WC grain does 
not undergo plastic deformation, although slip along basal 
planes under external loading is possible [21]. The ther-
mal stress that develops within a single WC grain, in 
accordance with Hooke’s law, can be calculated as:

		              σ = ΔТαЕ,	 (1)

where ΔT is the  temperature difference within the grain 
depth during LT; α = 4.9·10‒6 °С‒1 is the  coefficient 
of linear thermal expansion [2]; E = 628 GPa is Young’s 
modulus [2]. 

The grain size of  the  carbide phase in hard alloys 
ranges from 0.5 to 6.0 µm [18]. For the purposes of vali-
dating the  calculation methodology, an average carbide 
grain size of 4 µm was used in the modeling. This cor-
responds to  the  typical WC grain size in coarse-grained 
VK6-V and VK8-V hard alloys [2; 22].

The temperature field during pulsed laser treatment 
not only governs the  structural and phase transforma-
tions in the LEZ [2; 6; 15] – which enhance interphase 
bonding  – but also plays a critical role in determining 
the  magnitude and distribution of  residual stresses in 
the LEZ and, ultimately, the crack resistance of the alloy 
during processing. The selection of  limiting energy 
parameters for pulsed LT of WC–Co group alloys must 
ensure dispersion hardening of  the  material without 
compromising the surface integrity of the LEZ.

 Results and discussion

The temperature distribution in the LEZ during pulsed 
laser treatment was obtained using a one-dimensional 
linear heat conduction model for a semi-infinite homo-
geneous body exposed to  a uniform planar surface 
heat source  [2]. Fig. 3 presents the  calculated tempera-
ture (Тm ) profiles of the carbide phase (WC) as a function 
of depth (z) within the LEZ, under various values of laser 
energy density (ε) and number of laser pulses (N).

Table 1 provides calculated surface temperature 
values in the LEZ, which were used to estimate the ther-
mal stresses in those structural elements of the alloy most 
susceptible to fracture. 

Microstructural and compositional analysis of the LEZ 
indicates that the most favorable conditions for pulsed LT 
of WC – Co hard alloys occur when the local temperature 
approaches the eutectic melting range of 1298 – 1357 °C 
or lies slightly outside it – specifically within the  range 
of  1290 – 1400 °C  – while the  exposure time is maxi-
mized  [2]. Under these conditions, grain coarsening in 
the  carbide phase remains minimal, and the  solubility 
of tungsten carbide in cobalt increases significantly com-
pared to its solid-state solubility.

Fig. 2. Structural elements of a tungsten-cobalt alloy 
and the scheme of its laser treatment

Рис. 2. Структурные элементы вольфрамокобальтового сплава 
и схема его лазерной обработки
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According to the simulation results, this optimal tem-
perature range corresponds to LT modes 4 (ε = 1.4 J/mm2, 
N = 1), 5  (ε = 1.5 J/mm2, N = 1), 9  (ε = 1.2 J/mm2, 
N = 5), and 13  (ε = 1.0 J/mm2, N = 10) (Table 1), which 
align well with durability test data for laser-irradiated 
hard-alloy cutting tools  [2; 6; 15]. Under these modes, 
the coarsening of carbide grains is negligible, and no for-
mation of  strength-degrading complex carbides such as 

η-Co3W3C, θ-Co3W2C, or χ-Co3W9C4 is observed. These 
phases reduce the content of metallic cobalt in the binder 
by chemically bonding with it, weakening the  retention 
of the carbide framework, and ultimately leading to alloy 
fracture.

The temperature rise dynamics on the  LEZ sur-
face under repeated laser irradiation at ε = 0.9 J/mm2 
are shown in Fig. 4 (the optimal temperature range 

Table 1. Calculated values of LEZ surface temperature (z = 0) under various heating conditions of LT

Таблица 1. Расчетные значения температуры на поверхности ЗЛВ (z = 0) при различных режимах ЛО

Parameter Value
ε, J/mm2 0.8 1.0 1.1 1.2
N 1 5 10 1 5 10 10 1 5 10
T, °С 806 (1) 945 (5) 1117 (12) 987 (2) 1159 (3) 1371 (10) 1486 (10) 1145 (8) 1349 (9) 1606 (14)
ε, J/mm2 1.4 1.5 1.8 0.8 1.2
N 1 5 10 1 5 1 without raster N = 1
T, °С 1300 (4) 1542 (10) 1844 (15) 1385 (5) 1641 (11) 1600 (6) 990 (16) 1350 (17)

N o t e. The numbers in parentheses indicate the curve (mode) number in Fig. 3.

Fig. 3. Temperature of VK6 alloy carbide phase as a function of LEZ depth under various irradiation 
conditions using a raster: 

 ‒ N = 1;  ‒ N = 5;  ‒ N = 10; 
1, 7, 12 – ε = 0.8 J/mm2; 2, 3, 13 – ε = 1.0 J/mm2; 8, 9, 14 – ε = 1.2 J/mm2; 4, 10, 15 – ε = 1.4 J/mm2; 

5, 11 – ε = 1.5 J/mm2; 6 – ε = 1.8 J/mm2; 16, 17 – without raster at N = 1 and ε 0.8 and 1.2 J/mm2

Рис. 3. Температура карбидной фазы сплава ВК6 в зависимости от глубины ЗЛВ при различных 
условиях облучения с использованием растра:

 ‒ N = 1;  ‒ N = 5;  ‒ N = 10; 
1, 7, 12 – ε = 0,8 Дж/мм2; 2, 3, 13 – ε = 1,0 Дж/мм2; 8, 9, 14 – ε = 1,2 Дж/мм2; 4, 10, 15 – ε = 1,4 Дж/мм2; 

5, 11 – ε = 1,5 Дж/мм2; 6 – ε = 1,8 Дж/мм2; 16, 17 – без применения растра при N = 1 и ε 0,8 и 1,2 Дж/мм2
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of 1290 – 1400 °C is indicated by dashed lines). The LEZ 
surface temperature exceeds 1290 °C only after 
the twelfth pulse. Further increases in the number of laser 
pulses lead to destructive changes in the LEZ.

The LT modes and corresponding surface tempera-
ture ranges in the LEZ are summarized in Fig. 5. When 
the energy density exceeds 0.9 J/mm2, the target tempera
ture range is reached with fewer pulses. For example, 
at ε = 1.1 J/mm2, it is achieved by the 7th or 8th pulse, and 
at ε = 1.4 J/mm2 – by the 1st or 2nd pulse.

The temperature distribution in the  LEZ not only 
governs the structural and phase transformations during LT 
but also determines the thermal stress field, thereby directly 
influencing the mechanical strength of the material.

Assuming that the  temperature gradient reaches 
its maximum at time t = 0,5τp (i.e., at the  midpoint 
of  the  laser pulse duration), the  temperature difference 
ΔТ required for calculating thermal stresses using equa-
tion  (1) was obtained from the  analytical temperature 
distribution T(z, t) described in  [2]. Thermal stresses in 
the carbide phase – one of  the  structural elements most 
prone to fracture under load – were calculated for each LT 
mode by differentiating the T(z, t) function and adjusting 
the result to the typical WC grain size.

The optimal pulsed laser treatment modes for har
dening WC – Co group alloys are those that meet two 
criteria. First, the  surface temperature in the  LEZ must 
lie within the range of 1290 °C < T < 1400 °C, where no 
strength-degrading phases are formed and grain coar
sening of  the  carbide phase remains minimal. Second, 
no cracking of any scale should occur in the LEZ – that 
is, the  thermal stresses induced by LT must not exceed 
the  fracture strength of  the  alloy’s structural elements. 
It was established that for all investigated modes where 
the  surface temperature remains within 1290 – 1400 °C 
(Fig. 5), the  calculated thermal stresses in the  car-
bide phase remain below the  critical fracture stresses. 
The  values of  these stresses, calculated using equa-
tion (1), are presented in Table 2.

Exceeding the  upper limit of  the  specified tempera-
ture range does not necessarily cause grain fracture, but it 
typically promotes excessive grain growth and the forma-

Fig. 4. Change in temperature of VK6 alloy surface under repeated irradiation (ε = 0.9 J/mm2) 

Рис. 4. Изменение температуры на поверхности сплава ВК6 при многократном облучении (ε = 0,9 Дж/мм2)

Fig. 5. Temperature range of hardening of VK6 alloy 
under repeated irradiation at J/mm2:

1 – 0.9; 2 – 1.0; 3 – 1.1; 4 – 1.2; 5 – 1.3; 6 – 1.4

Рис. 5. Диапазон температур упрочнения сплава ВК6 
при многократном облучении, Дж/мм2:

1 – 0,9; 2 – 1,0; 3 – 1,1; 4 – 1,2; 5 – 1,3; 6 – 1,4
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tion of complex carbides along grain boundaries, which 
compromises the performance of the material as a cutting 
tool.

The results correlate well with acoustic emission (AE) 
signal measurements obtained during treatment of VK8 
alloy (Fig. 6)  [2]. As the  total number of  recorded AE 
pulses increases, crack resistance decreases. Accord-
ing to  the  experimental data, the  defect-free process-
ing region (NΣ = 0) lies below the  curve in Fig. 6 and 
corresponds to  the  following LT conditions: N = 10 
at ε = 1.25 and 1.30 J/mm2; N = 9 at ε = 1.5 J/mm2; N = 6 
at ε = 1.25 J/mm2; N = 1 at ε = 1.6 J/mm2. Assuming that 
VK6 and VK8 alloys are comparable in terms of thermo-

physical properties [23], the data presented in Fig. 6 can 
be aligned with the calculated LT modes in Table 2. All 
LT modes listed in Table 2 fall within the defect-free pro-
cessing region, where the  stresses in the  carbide phase 
remain below the fracture stresses.

The proposed analytical method for determining limi
ting energy parameters allows for identifying pulsed LT 
modes that achieve dispersion hardening of  the  alloy 
without introducing destructive changes in the LEZ.

 Conclusions

A methodology has been developed and validated for 
determining the  limiting energy parameters of  pulsed 
laser hardening of  tungsten – cobalt hard alloys. It has 
been shown that the optimal LT modes must satisfy two 
conditions: first of all, the surface temperature in the LEZ 
should remain within 1290 – 1400 °C, where no strength-
degrading phases are present and grain coarsening is 
minimal; secondly, the  thermal stresses induced by LT 
must not exceed the  fracture stress of  the  alloy’s struc-
tural components.

For all studied LT modes where the surface tempera-
ture lies within 1290 – 1400 °C, the  calculated thermal 
stresses in the  carbide phase remain below the  fracture 
limit.

The identified defect-free laser treatment conditions 
correspond well with acoustic emission data obtained 
during processing of VK8 alloy.
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