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Research on Uniform Gas Distribution in Cathode System  
of PVD Coating Equipment for Cutting Tools

To resolve coating appearance non-uniformity in industrial PVD-coated cutting tools, this study investigates cathode system 
gas distribution optimization. By analyzing the gas flow characteristics of single-nozzle-type gas pipelines, finite element simula-
tions were employed to compare gas flow fields under equal hole spacing and gradient hole spacing configurations. Structural 
optimizations, including downward nozzle orientation and diffusion space enlargement, were proposed to eliminate jet flow effects. 
Experimental results demonstrated that the gradient hole spacing design significantly improved coating uniformity. Energy-dispersive 
spectroscopy (EDS) analysis revealed that the carbon content deviation among upper, middle, and lower samples was less than 
10%, effectively resolving axial chromatic inconsistencies. This work establishes theoretical frameworks and technical protocols 
for PVD gas distribution uniformity, advancing product quality and batch consistency.
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1. Introduction

In industrial-scale PVD (Physical Vapor Deposition) tool 
coating production, while physical properties such as coating 
thickness, hardness, adhesion strength, and wear resistance 
remain critical quality indicators [1-3], the visual consistency 
of coated tools has emerged as an equally vital parameter. This 
characteristic not only impacts product aesthetics and qua
lity perception, but also serves as a key technical metric for 
evaluating PVD coating equipment performance [4]. Coating 
non-uniformity primarily manifests as thickness variation and 
compositional heterogeneity, both being complex engineering 
challenges influenced by multiple interdependent process pa-
rameters during PVD deposition [5].

Current industry practices predominantly focus on optimi
zing deposition temperature, cathode magnetic field configuration, 
and discharge parameters to mitigate chromatic aberrations [4-6]. 
However, such adjustments exhibit limited effectiveness and 
may inadvertently compromise essential mechanical properties. 
Particularly for multi-component compound coatings like TiCN 
(commonly applied to tap surfaces), stoichiometric ratio varia-
tions constitute the most direct cause of color inconsistency [7-9]. 
The critical yet frequently overlooked factor in compositional 
uniformity control lies in the gas distribution dynamics within the 

cathode system [10]. Existing research predominantly focuses on 
theoretical analyses with limited practical applicability. To achieve 
visually uniform, high-quality coatings, rational gas distribu-
tion system design represents a crucial technological approach.

This study presents a systematic investigation into gas flow 
optimization through finite element simulation coupled with ex-
perimental validation. By analyzing the spatial configuration of 
cathode targets and implementing computational fluid dynamics 
modeling, we propose an optimized gas distribution structure 
design. The developed methodology demonstrates significant 
potential for enhancing coating uniformity while maintaining 
superior mechanical performance, thereby providing valuable 
insights for quality improvement in industrial PVD coating 
applications.

2. Gas Distribution Structure Mechanism Analysis 

The gas distribution structure serves as the fundamental 
determinant of working gas dispersion within the deposition 
chamber, directly governing the spatial uniformity of gas flow. 
Fig. 1 illustrates the schematic configuration of a planar cathode 
system’s gas distribution mechanism. As shown, gas distribution 
pipes are symmetrically positioned along both sides of the planar 
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cathode target. The working gas undergoes collision, diffusion, 
and redistribution processes after exiting the pipes, ultimately 
achieving uniform longitudinal dispersion along the cathode 
target surface. This uniformity is essential for maintaining con-
sistent plasma distribution, which ensures homogeneous target 
erosion and stable ionization reactions across the cathode’s entire 
working length [11,12].
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Fig. 1. Schematic of gas distribution structure in a planar cathode system

Figs. 2a and 2b present two prevalent industrial gas distri-
bution configurations: the nozzle-type single-pipe system and 
the binary-type multi-pipe system [13]. The nozzle-type con-
figuration (Fig. 2a) utilizes a single-layer pipe with equidistant 
micro-orifices, enabling gas flow from inlet to nozzle-shaped 
outlets. In contrast, the binary-type system (Fig. 2b) utilizes 
multi-stage uniformly symmetric piping networks. Gas sequen-
tially traverses primary and secondary conduits before exiting 
through terminal outlets.  

Notably, while the binary-type configuration theoretically 
enhances symmetry, its practical implementation faces signifi-
cant challenges. Subsidiary pipelines demand strict geometric 
symmetry, necessitating exceptional machining precision and 
assembly tolerances. Furthermore, thermal expansion and opera-
tional deformation during prolonged use inevitably disrupt this 
symmetry, leading to gas flow inconsistencies. Consequently, 
industrial planar cathode systems predominantly adopt the me-
chanically robust nozzle-type configuration, despite its inherent 
limitations in gas distribution refinement.  

Figs. 2a and 2b illustrate the schematic diagrams of two 
predominant gas distribution configurations employed in in-
dustrial applications: the nozzle-type single-pipe system and 
the binary-type multi-pipe system. The nozzle-type configura-
tion (Fig. 2a) consists of a single-layer distribution pipe with 
uniformly spaced micro-orifices, where the working gas enters 
through the inlet and exits via nozzle-like apertures. In contrast, 
the binary-type system (Fig. 2b) comprises a multi-stage network 
of symmetrically interconnected pipes. The working gas sequen-
tially flows from the primary conduit into subsequent secondary 
pipelines before exiting through multiple outlets. However, the 
binary-type configuration faces significant practical limita-
tions. Its strict requirement for geometric symmetry across all 
subsidiary pipelines imposes stringent demands on machining 
precision and assembly tolerances. Moreover, thermal expan-
sion and operational deformation during prolonged use often 
compromise this symmetry, leading to gas flow inconsistencies. 

Consequently, the nozzle-type configuration has become the 
predominant choice in industrial planar cathode systems due to 
its mechanical robustness and operational reliability.

Fig. 2. Schematic diagrams of two gas distribution configurations

Despite its widespread adoption, the nozzle-type configura-
tion has not been thoroughly investigated in practical production 
settings. Many manufacturers typically employ a simplistic 
approach by machining uniformly sized orifices along the dis-
tribution pipe, attempting to enhance gas uniformity by reducing 
orifice diameter or increasing pipe diameter. However, produc-
tion data from industrial applications reveal that a significant 
proportion of coatings produced using this method still fail to 
meet uniformity specifications. This underscores the critical need 
for further optimization of gas distribution uniformity in cathode 
systems to achieve consistent coating quality.

After the gas is injected into the distribution pipe, it first 
flows out through the micro-orifices of the pipe and then diffuses 
spatially to the cathode target surface. The uniformity of gas dis-
tribution on the cathode target surface is primarily determined by 
two factors: (1) equal gas flow rates through each gas injection 
unit along the flow direction of the pipe, and (2) sufficient and 
uniform spatial diffusion of the discharged gas.

Ensuring equal gas flow rates through each gas injection 
unit is a prerequisite for achieving uniform gas distribution. If the 
orifice diameter and spacing remain unchanged, factors such as 
pressure drop along the pipe will inevitably lead to unequal gas 
flow rates through each orifice (ΔP∝(L/D)ρν2, ΔP is the gas 
pressure; L is the length of gas flow path; D is the total pipe 
length; ρ denotes the density of the gas, and v refers to its flow 
velocity) [13,14]. Therefore, the orifice spacing should gradu-
ally decrease along the gas flow direction, following a specific 
spacing variation pattern, to ensure equal gas discharge rates 
across all segments. Under the condition of equal gas discharge, 
achieving uniform gas distribution on the cathode target surface 
further requires ensuring the uniformity and sufficiency of gas 
diffusion from each orifice.

Therefore, this study focuses on the nozzle-type single-
pipe configuration as the research object. First, the gas flow 
distribution in a pipe with gradually varying orifice spacing 
is simulated. Through analysis of the factors influencing gas 
distribution, structural modifications are proposed to optimize 
gas distribution.
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3. Simulation Analysis

3.1. Gas Flow Simulation Modeling

The finite element method was employed to simulate the 
gas distribution in a single-pipe gas distribution system [15,16]. 
By comparing the gas distribution under conditions of equal 
and gradually varying orifice spacing, optimized results were 
obtained.

The simulation was performed using COMSOL Multiphys-
ics software, specifically utilizing its three-dimensional laminar 
flow module. A 1:1 geometric model was constructed based on 
the dimensions of the gas distribution pipe. To compensate for 
pressure attenuation along the distribution line, the inter-hole 
spacing should follow a gradually decreasing arithmetic se-
quence. The spacing is calculated as:

 dₙ = d1 – (n – 1) ·Δd (n = 1,2, ..., N)	 (1)

Where: d1 is initial hole spacing (recommended range: 
60~75 mm), Δd is decrement step length, N is total number of 
gas holes. The optimal Δd is determined through finite element 
simulation coupled with an iterative algorithm. The design tar-
get requires flow rate deviations ≤5% across all holes. During 
simulation, Δd is systematically adjusted until achieving flow 
equilibrium conditions.

Fig. 3 shows the fluid domain model of the nozzle-type 
single-pipe system. To facilitate observation of the gas flow 
field distribution, in addition to establishing the fluid domain 
inside the gas distribution pipe, an extended fluid observa-
tion domain was created at the nozzle outlet, which is longer 
than the gas distribution pipe itself. This setup was used to 
examine whether the gas flow rates were equal across different  
sections.

Gas 
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Gas 
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pipe 
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Fig. 3. Schematic diagram of the fluid domain model for the single-pipe 
gas distribution system

The computational domain and boundary conditions were 
configured as follows: The fluid domain was modeled as iso-
thermal with a temperature of 25°C, and the flow model was 
set to laminar. The inlet boundary was defined as a velocity 
inlet, with a velocity of 0.04 m/s normal to the pipe entrance 
at the gas inlet end. The outlet boundary was set as a pressure 
outlet, with a static pressure of 0.5 Pa at the lower surface of the 
observation domain. All other surfaces were treated as no-slip, 
adiabatic walls.

Fig. 4. Mesh refinement process

The fluid domain model was discretized using a global 
tetrahedral element division method, with the mesh correlation 
center set to “Coarse” for the initial division. Subsequently, local 
mesh refinement was implemented within the gas distribution 
hole regions, with a minimum element size of 0.1 mm. Special 
attention was given to achieving smooth transitional gradients 
between the refined zones and surrounding coarse-mesh areas, 
as illustrated in Fig. 4. The final computational model comprised 
486,968 elements and 93,007 nodes, ensuring sufficient resolu-
tion for precision-critical simulations.

3.2. Comparison of Simulation Results

The gas flow distribution was simulated for two configu-
rations: one with constant orifice spacing and the other with 
gradually varying orifice spacing. The results are as follows.

Fig. 5 shows the gas velocity distribution at the outlets for 
the constant orifice spacing configuration. It can be observed that 
the average gas velocity gradually decreases along the longitudi-
nal direction of the pipe, with higher velocities at the upstream 
outlets and lower velocities at the downstream outlets. As the 
gas travels along the pipe, both velocity and pressure continu-
ously decrease, resulting in reduced flow rates at outlets with 
the same orifice size along the pipe. This phenomenon justifies 
the use of varying orifice spacing to regulate flow rates and 

Fig. 5. Outlet velocity distribution for constant orifice spacing
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achieve equal gas discharge. Additionally, the flow direction at 
the outlets exhibits fluctuations, with higher flow rates directly 
opposite the orifices and lower flow rates between them. These 
non-uniformities will be addressed by enhancing gas collision 
and mixing to achieve velocity uniformity.

Fig. 6 shows the gas velocity distribution at the outlets for 
the gradually varying orifice spacing configuration. It is evident 
that the average gas velocity remains consistent across all outlets, 
and the flow field distribution exhibits excellent similarity and 
uniformity. This indicates that the uniformity of the flow field 
distribution at the outlets is significantly improved after adjust-
ing the orifice spacing.

In summary, for the nozzle-type single-pipe gas distribution 
system, the method of varying orifice spacing ensures nearly 
identical gas flow rates through all orifices. Compared to the con-
stant orifice spacing configuration, the gas discharge uniformity 
is significantly improved, validating the earlier hypothesis.

Fig. 6. Outlet velocity distribution for gradually varying orifice spacing

3.3. Optimization and Analysis of Gas Distribution 
Structure

Due to the orifice jet effect and the limited distance between 
the gas distribution pipe and the cathode target surface, the 
discharged gas often fails to fully diffuse before reaching the 
target surface. This results in significant differences in gas flow 
distribution between regions directly opposite the orifices and 
those between them. To achieve the ultimate goal of uniform 
gas distribution on the cathode target surface, further optimiza-
tion of the gas distribution structure is necessary, in addition to 
adjusting the orifice spacing.

Fig. 7 shows a schematic diagram of the optimized gas 
distribution structure for the cathode target. To mitigate the jet 
effect at the orifices, the gas distribution pipe’s orifices are ori-
ented downward, increasing the diffusion space before the gas 
reaches the target surface. This design enhances the probability 
of molecular collisions (both intermolecular and molecule-wall 

interactions), thereby promoting more uniform gas mixing. The 
effectiveness of this optimized structure in improving gas distri-
bution uniformity is validated through finite element modeling 
and gas flow simulation.

Fig. 7. Schematic diagram of the optimized gas distribution structure

A 1:1 simulation model of the cathode target surface was 
established. To reduce computational load, a symmetric model 
was used to calculate the flow field distribution on the cathode 
target, as shown in Fig. 8.

The model was discretized with mesh refinement applied 
to the regions around the gas distribution orifices. The mesh 
division is illustrated in Fig. 9. The final model consisted of 
1,355,970 elements and 463,527 vertices.

Fig. 9. Mesh division of the model

Fig. 8. Modeling of the cathode target structure
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The simulation results provide the optimized gas flow field 
distribution, as shown in Fig. 10. After exiting the orifices, the 
gas diffuses and flows toward the target surface. For quantitative 
analysis, the gas velocity distribution at the target edge is shown 
in Fig. 11. Under different flow velocities, the gas velocity on the 
target surface achieves excellent consistency. As the gas exits the 
orifices, undergoes diffusion and reflection, the orifice jet effect 
is gradually weakened, resulting in highly uniform gas velocity 
across the entire target surface.

Fig. 10. Gas flow field distribution on the cathode target

Fig. 11. Gas velocity distribution at the target edge

4. Experimental Verification

4.1. Experimental Conditions 

To compare the effects of different gas distribution struc-
tures on tool color variation, experiments were conducted 
using a self-developed LIP1400 multi-arc ion plating system. 
The vacuum chamber had an effective deposition area of Ф900 
mm × H1000 mm. The gas distribution pipe was 1.2 m long 
with 24 orifices, each 0.5 mm in diameter. Two gas distribution 

configurations were tested: (1) uniform orifice spacing and (2) 
gradually decreasing orifice spacing following an arithmetic 
sequence. Two sets of M2 high-speed steel tool samples, totaling 
six pieces, were used. Each set included three samples positioned 
uniformly at the top, middle, and bottom of the chamber height. 
Prior to coating deposition, the vacuum chamber was maintained 
at 200°C with a base pressure of 5×10–3 Pa. Substrate surfaces 
were subjected to 30 minutes Ar glow discharge etching under 
a negative bias voltage of 600 V. Subsequently, TiCN coatings 
were deposited using identical process parameters, with key 
deposition conditions summarized in TABLE 1.

Table 1
Key TiCN coating process parameters

Process 
Parameter

Arc 
Current 

(A)

Bias 
Voltage 

(V)

N₂ 
(sccm)

C₂H₂ 
(sccm)

Ar 
(sccm)

Deposition 
Time 
(min)

Value 70 120 410 35 250 60

Coating composition was analyzed using a JSM-6701F 
cold field emission scanning electron microscope equipped with 
energy-dispersive X-ray spectroscopy (EDS). The analysis was 
performed at an acceleration voltage of 20 kV, magnification 
of 25×~650,000×, beam current of 1×10–13 A~2×10–9 A, and a 
working distance of 6.5 mm.

4.2. Experimental results and discussion 

Fig. 12 displays the characteristic EDS spectrum of the 
TiCN-coated cutting tool specimen. The analysis clearly identi-
fies titanium (Ti), carbon (C), and nitrogen (N) as the primary 
coating constituents, with Ti showing the dominant spectral 
peak. Peaks associated with the M2 high-speed steel substrate 
composition have been excluded from presentation to maintain 
focus on the coating elements.

Fig. 12. EDS spectrum of the TiCN-coated tool specimen

TABLE 2 presents the composition analysis results for 
samples under different gas distribution structures. Under uni-
form orifice spacing, carbon (C) content exhibited significant 
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axial gradients (top-to-bottom), whereas nitrogen (N) variations 
remained marginal. This is attributed to the much lower flow 
rate of acetylene (C2H2) compared to nitrogen (N2), leading to 
pronounced velocity and pressure attenuation along the gas flow 
path. The significant variation in C content caused noticeable 
color differences, as shown in Fig. 13a. The top sample exhibited 
a dark yellowish-brown hue, the middle sample a rose-gold color, 
and the bottom sample a light yellow tone. This inhomogeneity 
stems from pronounced velocity/flow rate gradients across posi-
tions, disrupting plasma stability and TiCN synthesis uniformity 
on the tool surface.  

In contrast, for the gradually decreasing orifice spacing 
configuration, the C content remained consistent across all posi-
tions, with a deviation of less than 10%. As shown in Fig. 13b, 
the samples displayed a uniform rose-gold color. This uniformity 
is achieved because the gas flow velocity and rate are consistent 
across all orifices, with minimal gradient differences. Addition-
ally, the downward-oriented orifices allow the gas to first impact 
the chamber sidewalls, acting as a pressure buffer and promoting 
uniform gas distribution. This results in more uniform plasma 
density at the cathode target, leading to consistent TiCN coating 
coloration across the top, middle, and bottom samples.  

4. Conclusion 

(1)	 This study addresses the challenge of coating appearance 
uniformity in industrial-scale PVD coating production by 

analyzing the factors influencing uniform gas distribution. 
Focusing on a single-pipe nozzle-type gas distribution 
system, the effects of different orifice arrangements on gas 
flow field distribution were investigated. Finite element 
simulations were used to compare the flow field character-
istics of uniform and gradually decreasing orifice spacing 
configurations. Further structural optimization eliminated 
the orifice jet effect, achieving uniform gas distribution at 
the target surface. 

(2)	 Experimental validation confirmed the effectiveness of 
the optimized structure. Tools coated using the gradually 
decreasing orifice spacing configuration exhibited sig-
nificantly improved appearance uniformity. EDS analysis 
revealed that the C content deviation across the top, middle, 
and samples was less than 10%. This innovative solution 
requires only straightforward modifications to the gas 
distribution piping system, eliminating the need for com-
plex symmetrical structures or high-precision assembly. 
Particularly suitable for retrofitting existing PVD coating 
equipment, the proposed approach effectively resolves the 
persistent challenge of axial deposition non-uniformity, 
thereby significantly enhancing both coating product ap-
pearance and quality.
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