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Abstract: Deep hole gun drilling is in a closed and semi-closed state， and the machining process is complex. The 
unstable drilling force， severe tool wear， and poor processing quality have always been difficulties in deep hole gun 
drilling. 304 stainless steel has good corrosion and heat resistance， and is widely used in various industries. However， 
high hardness， poor plasticity， and characteristics of sticking knives have always restricted its development in 
engineering applications. Therefore， this paper uses 304 stainless steel as the research object and performs process 
parameter optimization and tool wear experiments. Firstly， based on the optimization experiment of process 
parameters， the influence of cutting speed and feed rate on drilling force and hole wall roughness is analyzed. The 
process parameters of the subsequent experiment are optimized as follows： spindle speed is 1 270 r / mm， feed rate is 
0.02 mm/r， and oil pressure is 3 MPa. Secondly， based on the tool wear experiment， the variation law of tool wear 
and tool wear form is studied. With the help of scanning electron microscopy （SEM） and energy dispersive 
spectroscopy （EDS）， the tool wear mechanism of deep hole gun drilling 304 stainless steel is expounded. Finally， the 
influence of tool wear on the processing quality is revealed， and the suggestion of tool regrinding is put forward.
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0 Introduction 

In the mechanical processing industry， deep 
hole processing demand accounts for about 1/3 of 
the whole hole processing demand. The demand for 
processing small-diameter long-deep holes （depth-

diameter ratio ≥ 20） is increasing in the national 
key development industries， such as aerospace and 
weapons and equipment. Gun drill processing is a 
necessary technical means to process small-diameter 
and long-deep holes［1］. Gun drill consists of three 
parts： drill bit， drill pipe， and drill handle. The ce⁃
mented carbide drill bit is matched with the drill 
pipe rolled from the steel pipe， and the drill bit and 
drill pipe are connected by seamless welding. The 
overall structure of the gun drill is shown in Fig.1.

304 stainless steel has excellent corrosion resis⁃

tance， oxidation resistance， and good mechanical 
properties. It is widely used in the chemical， food， 
and construction industries［2］. The main components 
are shown in Table 1. However， due to the high 
hardness and wear resistance of 304 stainless steel 
workpieces， the problem of severe tool wear and 
shortened life in the machining process is caused［3］， 
which significantly impacts the machining quality of 

Fig.1　Overall structure of the gun drill

Table 1　Chemical composition of 304 stainless steel %
Element
Content

Fe
Balance

Cr
18─20

Ni
8─10.5

C
0.08

Mn
2

Si
1

S
0.03

N
0.1
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the workpiece. This phenomenon is particularly evi⁃
dent in deep hole processing.

In view of the serious tool wear and low tool 
life in the machining process， industry scholars have 
conducted extensive research. Arunkumar et al.［4］ 
used three cooling methods of cutting oil， emul⁃
sion， and mist cooling in the study of AISI 1045 
deep hole drilling. It was found that the tool wear 
under mist cooling was 13% ─ 28% and 25% ─
35% lower than that of under cutting oil and emul⁃
sion， respectively. It is believed that the reason for 
this phenomenon is that the abrasive particles and 
adhesion under mist cooling are reduced. Xu et al.［5］ 
studied the turning of 304 stainless steel. They 
found that conventional turning would lead to the 
tool’s abrasive wear and adhesive wear， accompa⁃
nied by deformation and collapse. Adding ultrasonic 
vibration-assisted turning can significantly improve 
tool wear. Usman et al.［6］ studied the turning of 304 
stainless steel micro-textured tools. By comparing 
the machining quality of ordinary turning tools and 
micro-textured tools， they found that micro-tex⁃
tured tools could reduce tool wear and improve ma⁃
chining quality to a certain extent. When Xie et al.［7］ 
studied the deep hole gun drilling of 304 stainless 
steel， they found that the change of the angle be⁃
tween the inner and outer edges of the gun drill had 
a certain influence on the chip forming and process⁃
ing quality. Based on this， the angle between the in⁃
ner and outer edges of the gun drill suitable for pro⁃
cessing 304 stainless steel is proposed. Li et al.［8］ 
studied the wear of coated cemented carbide tools 
with different tooltip radii in turning AISI 321 stain⁃
less steel. The results showed that the tool mainly 
showed abrasive， adhesive， and oxidation wear. Sa⁃
keti et al.［9］ studied the wear mechanism of turning 
AISI 316L stainless steel with three grades of ce⁃
mented carbide tools. The results showed that diffu⁃
sion wear was the main wear mechanism. Fine-grain 
cemented carbide had a higher crater wear rate， and 
coarse-grain cemented carbide had a higher flank 
wear rate. He et al.［10］ designed and studied a new 
multifunctional double-layer AlTiN PVD coatings 
for turning 304 stainless steel. The research showed 
that the coating prolonged the tool’s service life and 

reduced the flank face’s oxidation wear and diffu⁃
sion wear. Li et al.［11-13］ established a new mechani⁃
cal model of gun drill and studied the influence of 
cutting parameters on axial force and torque. The 
chip fracture mechanism of Ti6Al4V titanium alloy 
during deep hole gun drilling was studied， which be⁃
longed to quasi-cleavage fracture. Abishekraj 
et al.［14］ carried out textured and non-textured tool 
processing experiments， and found that micro-tex⁃
tured tools could greatly reduce surface roughness 
and tool wear. Wosniak et al.［15］ analyzed the tool 
wear， drilling torque and chip shape of AISI 4150 
low alloy steel during processing. The results 
showed that there was no adhesive wear on the sur⁃
face layer tool.

In summary， domestic and foreign research on 
304 stainless steel material processing tool wear is 
mostly for turning processing， and there are few 
studies on deep hole drilling， especially gun drilling. 
Therefore， this paper studies the optimization of 
process parameters and tool wear of 304 stainless 
steel deep hole gun drilling， optimizes the appropri⁃
ate process parameters， explores the form and 
mechanism of tool wear， and expounds the influ⁃
ence of tool wear on the processing quality of 304 
stainless steel gun drilling.

1 Main Tool Wear Forms 

The primary wear forms of deep hole gun drill⁃
ing include front and rear tool face wear， tooltip 
wear， and guide surface wear. In deep hole gun drill⁃
ing， the tooltip contacts the workpiece first. Owing 
to the small linear velocity at the tooltip at the initial 
processing stage， drilling and extrusion co-occur， 
and the stress concentration occurs. Under the action 
of a giant drilling force， the tooltip wear is more 
prominent. With the deepening of the machining pro⁃
cess， the inner and outer edges of the gun drill serve 
as the main cutting task， and the relative sliding be⁃
tween the gun drill and the workpiece causes friction 
loss. Due to the characteristics of the external chip 
discharge of the gun drill， there is violent friction be⁃
tween the chip and the front and rear surfaces of the 
tool. The gun drill bit produces chipping， bonding， 
and large-area peeling under mechanical， thermal， 
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and chemical effects. Fatigue spalling and surface ab⁃
lation appear on the rake face， and evident wear 
bands appear on the flank face. In the machining pro⁃
cess， micro-cracks are generated due to the extru⁃
sion friction between the guide surface and the hole 
wall of the finished workpiece. Under thermal stress 
fatigue and contact fatigue， wear phenomena such as 
flake spalling and pits appear， and corresponding 
wear occurs on the guide surface. The wear form of 
the gun drill part is shown in Fig.2.

2 Determination of Process Param⁃
eters of Wear Experiment 

2. 1 Selection of tools and devices　

The tool selected in this experiment is an index⁃
able cutter machine clip gun drill. The length of the 
gun drill is 1 500 mm， and the diameter is 15 mm. 
The drill bit comprises a blade and a guide belt that 
can be freely disassembled. The clamp-type gun 
drill structure of the indexable cutter-grain machine 
is shown in Fig.3. The guide belt and blade used in 
this experiment are shown in Fig.4. The material is 

KG7015 cemented carbide， and the coating is titani⁃
um nitride coating using PVD technology. The 
blade has high hardness and can complete the deep 
hole drilling of 304 stainless steel.

The machine tool used in the experiment is the 
NCS1600 CNC machine tool. The mechanical data 
acquisition uses KISTLER 9129AA piezoelectric 
dynamometer， KISTLER5073A charge amplifier， 
and HR-426 data acquisition system. The process⁃
ing equipment is shown in Fig.5， and the equipment 
installation diagram is shown in Fig.6.

Fig.2　Part wear forms of gun drill

Fig.3　Clamped gun drill with indexable cutter-grain ma⁃
chine

Fig.4　Blade and guide belt

Fig.5　NCS1600 CNC machine tool

Fig.6　Equipment installation diagram
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2. 2 Selection of processing parameters　

The tool selected in the tool wear experiment 
is a replaceable gun drill. Since there are few studies 
on the selection of processing parameters for such 
gun drills， the variable process parameter experi⁃
ment is first carried out to determine the optimal pro⁃
cessing parameters， which can ensure excellent pro⁃
cessing quality and control the tool’s wear. The ex⁃
periment is divided into two groups. The first group 
is the variable cutting speed experiment， detailed in 
Table 2. The second group is the variable feed rate 
experiment， as shown in Table 3.

The drilling force in the gun drilling process 
greatly influences the tool wear and tool life， so the 
dynamometer is used to measure the axial force 
throughout the process. At the same time， after the 
drilling is completed， the workpiece is cut， and the 
roughness of the hole wall of each section of the 

workpiece is measured by the surface roughness me⁃
ter. The measurement data are shown in Table 4.

The drilling force in Table 4 are processed and 
analyzed， and the variation curve of the drilling 
force with the cutting speed and the variation curve 
of the drilling force with the feed rate are drawn re⁃
spectively when the feed rate is constant， as shown 
in Fig.7 and Fig.8.Fig.7 shows the curve of the drill⁃
ing force with the cutting speed. It is found that 
when the feed rate is 0.02 mm/r， the cutting force 
decreases with the increase of the cutting speed. 
The drilling force is maintained between 550 N and 
650 N in the selected cutting speed range. Fig.8 
shows the curve of the drilling force with the feed 
rate. It is found that when the cutting speed is 60 m/

min， the cutting force increases with the increase of 
the feed rate. The drilling force is maintained be⁃
tween 550 N and 700 N in the selected feed change 

Table 2　Variable cutting speed experiment

Experimental 
number

1
2
3
4
5
6

Feed rate 
f/（mm⋅r-1）

0.02
0.02
0.02
0.02
0.02
0.02

Cutting speed 
Vc/（m⋅min-1）

40
50
60
70
80
90

Oil pressure 
p/MPa

3
3
3
3
3
3

Table 3　Variable feed rate experiment

Experimental number
1
2
3
4
5
6

Vc/（m⋅min-1）
60
60
60
60
60
60

f/（mm⋅r-1）
0.010
0.015
0.020
0.025
0.030
0.035

p/MPa
3
3
3
3
3
3

Table 4　Roughness and drilling force value

Serial number
1
2
3
4
5
6
7
8
9

10
11
12

Vc/（m⋅min-1）

40
50
60
70
80
90
60
60
60
60
60
60

f/（mm⋅r-1）

0.020
0.020
0.020
0.020
0.020
0.020
0.010
0.015
0.020
0.025
0.030
0.035

Roughness Ra/µm
0.44
0.76
0.58
0.74
0.54
0.42
0.33
0.35
0.44
0.58
0.63
0.82

Drilling force F/N
650
600
580
580
550
550
550
580
600
625
650
700

Fig.7　Variation curve of drilling force with cutting speed
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range.
Based on the roughness in Table 4， the rough⁃

ness curve with the cutting speed is drawn when 
the feed rate is constant， and the roughness with 
the feed rate is drawn when the cutting speed is 
constant， as shown in Fig.9 and Fig.10， respective⁃
ly.

From the analysis of Fig.9， it is found that 
when the feed rate is kept at 0.02 mm/r， the rough⁃
ness of the hole wall changes between 0.4 μm and 
0.8 μm with the increase of the cutting speed. When 
the cutting speed is 50 m/min， the hole wall rough⁃

ness is 0.76 μm， and the hole wall quality is the worst. 
When the cutting speed is 90 m/min， the hole wall 
roughness value is 0.42 μm， and the hole wall quali⁃
ty is the best. The roughness of the hole wall tends 
to decrease with the increase of the cutting speed. 
From the analysis of Fig.10， it is found that when 
the cutting speed is kept at 60 m/min， with the in⁃
crease of the feed rate， the roughness value of the 
hole wall also increases， and the slope of the curve 
tends to increase.

According to the above analysis， it is found 
that the change of the cutting speed has little effect 
on the roughness of the hole wall， and the drilling 
force during the machining process is maintained be⁃
tween 550 N and 650 N. The change of the feed 
rate greatly influences the hole wall roughness and 
the drilling force. Therefore， the processing parame⁃
ters of the wear experiment are selected as the cut⁃
ting speed of 60 m/min， the feed rate of 0.02 mm/r， 
the spindle speed of the machine tool of 1 270 r/min， 
and the feed rate of 25 mm/min.

3 304 Stainless Steel Tool Wear Ex⁃
periment and Analysis 

3. 1 304 stainless steel tool wear experiment　

The wear experiment workpiece is divided into 
the processing workpiece and the force-measuring 
workpiece. The processing workpiece is a 304 stain⁃
less steel bar with a length of 500 mm and a diame⁃
ter of 38 mm. The force-measuring workpiece is a 
304 stainless steel bar with a length of 100 mm and 
a diameter of 38 mm. The experiment is carried out 
by alternating processing and force measurement. 
The equipment installation diagram is shown in 
Fig.11.

According to the above variable cutting speed 
experiment and variable feed rate experiment， the 
processing parameters of the wear experiment are de⁃
termined， as shown in Table 5. A total of 15 304 stain⁃
less steel bars are processed in the experiment. The 
cumulative processing length reaches 7 500 mm， and 
some of the processed workpieces are shown in 
Fig.12.

Fig.8　Variation curve of drilling force with feed rate

Fig.9　Variation curve of roughness with cutting speed

Fig.10　Variation curve of roughness with feed rate
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3. 2 Analysis of worn form of rake face and 
flank face　

The grinding degree of the tool is observed and 
analyzed by an electron microscope. Fig.13 is the 
state diagram of the blade without processing. It is 
found that when the processing has not yet begun， 
the front and rear surfaces of the blade are smooth 
and there are no scratch. The coating on the tool’s 
surface is evenly distributed without apparent dam ⁃
age， and the internal and external cutting edges are 
sharp and shiny.

Fig.14 shows partial wear state diagrams of the 
rake face of the outer cutting edge under different 
machining hole depths. It is found that there are 
many fatigue spalling phenomena on the rake face of 
the outer cutting edge. In the early processing 
stage， when the cumulative processing hole depth is 
below 3 500 mm， the outer edge rake face appears 
to have a point spalling phenomenon， and the spall⁃
ing range is concentrated on the blade’s edge. With 

the continuous increase of the cumulative depth of 
the machining hole， the spalling area of the rake 
face of the outer edge is increasing. The phenome⁃
non of point spalling becomes strip spalling and 
gradually spreads to the inside of the blade. Because 
the outer cutting edge of the replaceable gun drill is 
longer than the inner cutting edge， the force at the 
outer cutting edge is more significant than that at the 
inner cutting edge. The friction between the rake 
face of the outer cutting edge and the workpiece is 
more severe， resulting in many fatigue spalling phe⁃
nomena.

Fig.15 shows partial wear state diagrams of the 
rake face of the inner cutting edge under different 
machining hole depths. It is found that there is a 
large area of surface ablation on the rake face of the 
inner cutting edge， and the surface burning area in⁃

Fig.14　Partial wear state diagrams of outer edge rake face

Fig.11　Equipment installation diagram

Table 5　Wear experiment parameter

Spindle speed/
（r⋅min-1）

1 270

Feed speed/
（mm⋅min-1）

25

f/（mm⋅r-1）

0.02

p/MPa

3

Fig.12　Processed workpieces

Fig.13　Blade state without processing
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creases with the continuous increase of the machin⁃
ing depth. Due to the severe friction between the 
tool and the workpiece during the machining pro⁃
cess， a local high-temperature environment is 
formed. Even under the cooling effect of the high-

pressure cutting fluid， there is still a large amount of 
cutting heat residue， resulting in extensive surface 
ablation on the rake face of the internal cutting edge.

Fig.16 shows partial wear state diagrams of the 
outer cutting edge flank surface under different ma⁃
chining hole depths. It is found that the flank surface 
of the outer cutting edge appears to fatigue spalling 
and surface ablation. In the early stage of machin⁃
ing， when the hole depth is 500 mm， the surface ab⁃
lation phenomenon occurs on the flank of the outer 
cutting edge， and the burning phenomenon is main⁃
ly concentrated near the tooltip. At the same time， a 
small amount of fatigue spalling occurs at the outer 

cutting edge. With the increase of the depth of the 
machining hole， there is no noticeable increase in 
the burning area on the flank surface of the outer cut⁃
ting edge. When the cumulative depth of the machin⁃
ing hole reaches 3 500 mm， the flank surface of the 
outer cutting edge appears to be stripped off， and a 
transparent wear band is formed. With the increase 
of the cumulative processing depth， the range of 
wear bands becomes larger and larger， and the de⁃
gree of fatigue spalling becomes more serious.

Fig.17 shows partial wear state diagrams of the 
inner cutting edge flank surface under different ma⁃
chining hole depths. When the hole depth is 
500 mm， a small amount of fatigue spalling occurs 
on the flank surface of the inner cutting edge. As 
the depth of the machining hole increases， the wear 
of the flank face of the inner edge changes little. 
When the machining hole depth reaches 7 500 mm， 
it can be found that a clear wear band appears on 
the flank face of the inner cutting edge. Therefore， 
in the deep hole gun drilling of 304 stainless steel， 
the rake face of the inner and outer cutting edges 
mainly appears to be fatigue spalling and surface ab⁃
lation. The worn form of the rake face of the outer 

Fig.17　Partial wear state diagrams of inner cutting edge 
flank face

Fig.16　Partial wear state diagrams of outer cutting edge 
flank face

Fig.15　Partial wear state diagrams of inner edge rake face
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cutting edge is mainly fatigue spalling， the worn 
form of the rake face of the inner cutting edge is main⁃
ly surface ablation， and the worn form of the flank 
face of the inner and outer cutting edges is mainly fa⁃
tigue spalling.

3. 3 Analysis of tool wear loss　

The image view image processing software 
measures the wear of the rake and flank surfaces of 
the tool’s cutting edge. The measured data are 
shown in Table 6.

Fig.18 shows the variation curves of tool wear 
with machining hole depth. It is found that the wear 
amount of the rake face of the inner and outer cut⁃
ting edges increases with the increase of machining 
hole depth. The wear amount of the rake face of the 
outer cutting edge is always more significant than 
that of the flank face of the outer cutting edge and 
the inner cutting edge. The wear on the flank face 
has maintained a steady growth trend. When the ma⁃
chining hole depth reaches 6 000 mm， the flank face 
of the inner cutting edge begins to aggravate wear. 
The wear of the rake face is pronounced. When the 
machining hole depth reaches 3 500 mm， the rake 
face is severely worn， and the wear amount reaches 
0.35 mm. Fig.19 shows the variation curves of the 
tool burning area with the change of machining hole 
depth. It is found that the burning area of the rake 
face of the inner cutting edge is always more signifi⁃
cant than that of the flank face of the outer cutting 
edge. With the increase of machining hole depth， 
the burning area of the flank surface of the outer cut⁃
ting edge has continuously and steadily increased. 
The burning area of the rake face of the inner cutting 
edge increases sharply to 0.6 mm2 when the machin⁃
ing hole depth reaches 3 500 mm. When the final ma⁃
chining hole depth reaches 7 500 mm， the burning ar⁃
ea of the rake face of the inner cutting edge reaches 
0.75 mm2.

Therefore， the edge wear of the replaceable 

gun drill is mainly reflected on the rake face and the 
flank face. The maximum width of the wear band on 
the rake face of the outer edge can reach 0.46 mm， 
and the width of the wear band on the flank face of 
the outer edge and the flank face of the inner edge is 
within 0.1 mm. The maximum ablation area on the 
rake face of the inner edge can reach 0.74 mm2， and 
the ablation area on the flank face of the outer edge 
is maintained at about 0.33 mm2.Through the above 
analysis， it is found that tool wear is mainly divided 
into two stages： normal wear （Machining hole 
depth≤3 500 mm） and severe wear （Machining 
hole depth>3 500 mm）. In the early drilling stage， 
because the outer cutting edge undertakes the main 
cutting task， a small amount of wear occurs on the 
outer cutting edge’s rake face and flank face. Due to 
the influence of drilling heat， a small amount of sur⁃

Table 6　Tool wear

Serial number

1
2
3
4
5
6

Machining hole 
depth/mm

500
2 000
3 500
5 000
6 500
7 500

Wear amount of 
outer edge rake 

face/mm
0.152
0.161
0.362
0.381
0.398
0.462

Burning area of in⁃
ner edge rake face/

mm2

0.456
0.481
0.601
0.591
0.649
0.749

Wear amount of 
outer edge flank 

face/mm
0.051
0.053
0.064
0.077
0.078
0.087

Burning area of 
outer edge flank 

face/mm2

0.315
0.331
0.332
0.342
0.347
0.371

Wear amount of 
inner edge flank 

face/mm
0.044
0.058
0.057
0.061
0.065
0.132

Fig.18　Variation curves of tool wear with machining hole 
depth
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face ablation occurs on the inner cutting edge’s rake 
face and flank face. With the increase of drilling 
depth， when the cumulative machining hole depth 
reaches 3 500 mm， the tool wears violently， a large 
number of fatigue spalling occurs on the rake face of 
the outer cutting edge， and a large area of ablation 
occurs on the rake face of the inner cutting edge.

3. 4 Analysis of tool wear mechanism of rake 
and flank faces　

In order to study the wear mechanism of the 
tool’s rake face and flank face， the Nova Nano 
SEM 450 field emission scanning electron micro⁃
scope（SEM） is used to scan and analyze the wear 
of the rake face and flank face. The use of the equip⁃
ment is shown in Fig.20.

Fig.21 shows the energy dispersive spectrosco⁃
py （EDS） analysis results of the unprocessed part 
of the tool. It is found that the titanium nitride coat⁃
ing on the surface of the tool is complete. The coat⁃
ing has the characteristics of high hardness， good 

wear resistance， and low friction coefficient and has 
a particular protective effect on the tool.

Fig.22 is the SEM morphology of the outer cut⁃
ting edge rake face. It is found that after processing， 
a small number of pits are formed by coating peel⁃
ing， and a large number of binders appear on the 
rake face of the outer cutting edge of the tool. 
Fig.23 shows EDS analysis result diagrams of the 
outer cutting edge rake face. Compared with the 
EDS analysis result diagrams of the unprocessed 
tool， it is found that O， Si， and Fe elements ap⁃
pear， among which O atom accounts for 13.44%， 
Fe atom accounts for 7.49%， and Si atom accounts 
for 0.56%. Because the elements in the tool and 
coating react with O atoms in the air to form ox⁃
ides， the proportion of O atoms increases. The in⁃

Fig.20　Nova Nano SEM 450 field emission scanning 
electron microscope

Fig.21　EDS analysis results of unprocessed part of the tool

Fig.19　Variation curves of tool burning area with machin⁃
ing hole depth
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crease in the proportion of Fe and Si atoms is due to 
the diffusion of elements from the workpiece 304 

stainless steel into the tool matrix. Therefore， the 
rake face of the outer cutting edge of the tool mainly 
causes adhesive wear， oxidation wear， and diffusion 
wear during the machining process.

Fig.24 is the SEM morphology of the inner cut⁃
ting edge rake face. It is found that after processing， 
a large area of coating peeling and more binders are 
found on the rake face of the inner cutting edge of 
the tool. Furrows of different depths and craters can 
be seen at the peeling of the coating. Fig.25 shows 
EDS analysis result diagrams of the inner cutting 
edge rake face. Compared with the EDS analysis re⁃
sult diagrams of the unprocessed tool， it is found 
that O， Cr， and Fe elements appear， among which 
O atom accounts for 19.28%， Fe atom accounts for 
1.85%， and Cr atom accounts for 0.84%. Because 
the elements in the tool and coating react with O at⁃
oms in the air to form oxides， the proportion of O at⁃
oms increases. The increase in the proportion of Fe 
and Cr atoms is due to the diffusion of the elements 
in the 304 stainless steel into the tool matrix. There⁃
fore， the worn forms of the rake face of the internal 
cutting edge during the machining process are main⁃
ly adhesive wear and oxidation wear， accompanied 
by a small amount of diffusion wear； when the coat⁃
ing on the rake face of the inner cutting edge peels 
off， abrasive wear becomes the leading cause of tool 
wear.

Fig.26 is the SEM morphology of the outer cut⁃
ting edge flank surface. It is found that after process⁃
ing， a prominent wear zone and some binders are 

Fig.22　SEM morphology of rake face of outer cutting edge

Fig.23　EDS analysis results of rake face of outer cutting 
edge

Fig.24　SEM morphology of rake face of inner cutting edge
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found on the flank surface of the outer cutting edge 
of the tool. Coating peeling and furrows of different 

depths can be seen in the war zone. Fig.27 shows 
EDS analysis results of the flank face of the outer 
cutting edge. Compared with the EDS analysis re⁃
sults of the unprocessed tool， it is found that O， Si， 
S， Cr， Mn， and Fe elements appear， among which 
O atom accounts for 32.98%， Si atom accounts for 
0.93%， S atom accounts for 0.36%， Cr atom ac⁃
counts for 1.8%， Mn atom accounts for 0.62%， 
and Fe atom accounts for 1.02%. Because the ele⁃
ments in the tool and coating react with O atoms in 
the air to form oxides， the proportion of O atoms 
continues to increase. The increase in the proportion 
of Fe， Cr， Si， S， and Mn atoms is due to the diffu⁃

Fig.25　EDS analysis results of rake face of inner cutting 
edge

Fig.26　SEM morphology of outer cutting edge flank face

Fig.27　EDS analysis results of flank face of outer cutting 
edge
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sion of the elements in the 304 stainless steel into 
the tool matrix. Therefore， the worn form of the 
flank face of the outer cutting edge during the ma⁃
chining process is mainly abrasive wear and oxida⁃
tive wear， accompanied by a small amount of diffu⁃
sion wear and adhesive wear.

Fig.28 is the SEM morphology of the inner 
cutting edge flank face. It is found that after process⁃
ing， a large area of coating peeling occurs on the 
flank face of the inner cutting edge of the tool， and 
a large number of binders and some furrows of dif⁃
ferent depths appear on the tool substrate. Fig. 29 
shows EDS analysis result diagrams of the inner 
cutting edge flank face. Compared with the EDS 
analysis result diagrams of the unprocessed tool， it 
is found that O， Cr， and Fe elements appear， 
among which O atom accounts for 14.89%， Cr at⁃
om accounts for 0.87%， and Fe atom accounts for 
1.64%. Because the elements in the tool and coat⁃
ing react with O atoms in the air to form oxides， O 
atoms’ proportions increase. The increase in the 
proportion of Fe and Cr atoms is due to the diffu⁃
sion of elements from the workpiece 304 stainless 
steel into the tool matrix； the sharp increase in the 
proportion of N atom is due to the diffusion of N at⁃
om in the coating into the tool matrix during high-

temperature processing. Therefore， the flank face 
of the internal cutting edge is mainly dominated by 
adhesive wear， abrasive wear， and oxidation wear 
during the machining process， accompanied by a 
small amount of diffusion wear.

4 Analysis of Influence of Tool 
Wear on Machining Quality 

4. 1 Effect of tool wear on drilling force　

A total of 15 bars are processed in the wear ex⁃
periment， with a total processing depth of 7 500 mm. 
A total of 15 sets of axial drilling force data are col⁃
lected， as shown in Table 7. And the curve of drilling 
force with machining hole depth is shown in Fig. 30.
Fig.30 shows the curve of the drilling force chang⁃
ing with the depth of gun drilling. Due to the exis⁃
tence of cylinder ejection pressure in the actual pro⁃
cessing， it is about 500 N. Therefore， the initial cylin⁃Fig.28　SEM morphology of flank face of inner cutting edge

Fig.29　EDS analysis results of flank face of inner cutting 
edge
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der force must be subtracted when drawing the 
change curve. The curve’s analysis shows that the 
drilling force is stable at about 570 N due to the slight 
wear of the tool in the early stage of drilling. With the 
continuous increase of the drilling depth， when the cu⁃
mulative reaches 3 500 ─ 4 000 mm， the tool wear 
gradually increases and the drilling force increases to 
650 N. The tool wear increases sharply when the 

drilling depth reaches 7 500 mm and the drilling 
force reaches about 800 N. Therefore， with the in⁃
crease of drilling depth， the tool wear becomes 
more severe， leading to the increase of axial drilling 
force.

4. 2 Effect of tool wear on roughness　

A total of 15 bars are processed in the wear ex⁃
periment， with a total processing depth of 7 500 mm. 
The roughness meter is used for measurement， and 
15 sets of roughness data are collected. The use of 
the equipment is shown in Fig.31. In the measure⁃
ment， the entrance section， middle section， and ex⁃
it section of each workpiece are tested， and the col⁃
lected data are shown in Table 8. The curves of 

Fig.31　Roughness meter usage diagram

Table 8　Roughness of machined workpieces

Number of borehole

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Machining hole depth/mm

500
1 000
1 500
2 000
2 500
3 000
3 500
4 000
4 500
5 000
5 500
6 000
6 500
7 000
7 500

Roughness at the 
entrance/µm

0.44
0.38
0.42
0.47
0.43
0.55
0.58
0.72
0.63
0.82
0.76
0.88
0.96
1.15
1.28

Roughness of intermediate 
section/µm

0.21
0.19
0.26
0.32
0.21
0.29
0.27
0.31
0.33
0.39
0.37
0.42
0.49
0.72
0.88

Roughness at the 
outlet/µm

0.32
0.29
0.34
0.35
0.37
0.41
0.44
0.48
0.47
0.62
0.56
0.59
0.72
0.86
0.96

Table 7　Drilling force of 15 bars with different machining hole depth

Serial number
1
2
3
4
5
6
7
8

Machining hole depth/mm
500

1 000
1 500
2 000
2 500
3 000
3 500
4 000

Drilling force /N
570
575
575
580
580
580
600
600

Serial number
9

10
11
12
13
14
15

Machining hole depth/mm
4 500
5 000
5 500
6 000
6 500
7 000
7 500

Drilling force/N
640
650
655
680
700
750
800

Fig.30　Curve of drilling force changing with machining 
hole depth
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roughness with the machining hole depth are shown 
in Fig.32.

Fig.32 is the curves of roughness changing 
with the machining hole depth. It is found that the 
roughness value of the workpiece increases with the 
increase of the processing depth. The roughness at 
the entrance is always more significant than that of 
the intermediate section and the outlet， and the 
roughness of the intermediate section is the small⁃
est. Due to the tooltip at the entrance being in direct 
contact with the workpiece， the contact area be⁃
tween the tool cutting edge and the workpiece is 
small， and the tool has some vibration， resulting in 
higher surface roughness. As the drill bit ultimately 
enters the workpiece， the tool’s cutting edge is 

completely in contact with the workpiece， the pro⁃
cessing reaches a stable state， and the surface 
roughness reduces compared with the entrance. 
When the workpiece is drilled through， the contact 
area between the tool’s cutting edge and the work⁃
piece gradually decreases， the tool vibrates again， 
and the roughness improves slightly. When the cu⁃
mulative machining hole depth is less than 3 500 
mm， the tool wear is better， and the surface rough⁃
ness of the workpiece maintains a stable numerical 
fluctuation. With the increase of the machining hole 
depth， the tool wear is gradually severe， and the 
roughness increases. When the cumulative machin⁃
ing hole depth reaches 5 500 mm， the tool wears vi⁃
olently， and the roughness of the hole wall increas⁃
es sharply.

4. 3 Effect of tool wear on straightness　

A total of 15 bars are processed in the wear ex⁃
periment， with a total processing depth of 7 500 mm， 
and 15 sets of straightness data are collected. 
Through the three-coordinate measuring instrument， 
the five-point method fits the coordinate value of the 
hole’s center point. Then， a data set is measured 
every 100 mm， and each processing bar is measured 
at five straightness values. The data collected are 
shown in Table 9. The straightness error curves of 
different machining hole depths are shown in 
Fig.33. The straightness error curve with the cumu⁃
lative processing depth is shown in Fig.34.

Fig.32　Curves of roughness changing with machining hole 
depth

Table 9　Measured values of workpiece straightness error

Serial number

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

Machining hole depth/mm

500
1 000
1 500
2 000
2 500
3 000
3 500
4 000
4 500
5 000
5 500
6 000
6 500
7 000
7 500

Measurement point
0 mm

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

87 mm
0.002 0
0.003 1
0.002 6
0.002 8
0.003 3
0.003 1
0.005 8
0.007 8
0.008 2
0.012 0
0.013 2
0.015 3
0.016 9
0.019 5
0.024 1

188 mm
0.003 7
0.002 1
0.001 3
0.001 9
0.003 1
0.004 2
0.004 9
0.007 7
0.006 9
0.011 2
0.012 9
0.013 3
0.021 1
0.020 1
0.019 8

288 mm
0.001 8
0.001 9
0.001 8
0.002 3
0.002 9
0.004 9
0.005 2
0.014 3
0.009 8
0.015 1
0.017 2
0.018 4
0.020 2
0.021 9
0.025 7

388 mm
0.004 4
0.002 8
0.001 2
0.002 8
0.003 8
0.004 7
0.006 3
0.017 6
0.019 3
0.019 2
0.021 1
0.019 2
0.021 9
0.023 8
0.024 1

488 mm
0.003 5
0.003 1
0.001 9
0.003 2
0.003 5
0.005 1
0.007 7
0.018 8
0.017 8
0.019 9
0.021 7
0.022 3
0.023 8
0.031 4
0.032 8
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From Fig.33， it is found that when the machin⁃
ing hole depth is below 3 500 mm， the straightness 
error of the workpiece fluctuates little and is in a rel⁃
atively stable state. With the increase of machining 
hole depth， the fluctuation range of the straightness 
error becomes larger and larger. When the machin⁃
ing hole depth reaches 7 500 mm， the fluctuation of 
straightness error is the largest. Through the analy⁃
sis of graphic changes in Fig.34， it is found that 
when the cumulative machining hole depth is less 
than 3 500 mm， the straightness error fluctuates， 
but it is less than 0.007 7 mm. At this time， the 
tool wear has little effect on the straightness. When 
the cumulative machining hole depth is 4 000 ─
6 500 mm， the influence of tool wear on machining 
quality increases gradually， and the straightness er⁃
ror fluctuates between 0.02 mm and 0.03 mm. 
When the cumulative machining hole depth exceeds 

7 000 mm， the tool wears violently， the straight⁃
ness error increases sharply， and the maximum 
straightness error reaches 0.032 8 mm.

5 Conclusions 

The process parameter optimization experi⁃
ment and tool wear experiment of 304 stainless steel 
processed by interchangeable gun drill are carried 
out. The influences of different process parameters 
and tool wear on drilling force， hole wall rough⁃
ness， and machining hole straightness is analyzed. 
The form and mechanism of tool wear are studied， 
and the following conclusions are drawn：

（1） Based on the optimization experiment of 
process parameters， the influences of cutting speed 
and feed rate on the drilling force and the hole wall 
roughness are obtained. The drilling force decreases 
with the increase of cutting speed and increases with 
the increase of feed rate. The roughness of the hole 
wall increases with the increase of the feed rate. 
Changing the cutting speed has little effect on the 
roughness of the hole wall， and the roughness re⁃
mains in the range of 0.4 ─ 0.8 µm. Based on this， 
the process parameters of the subsequent experi⁃
ment are optimized as the cutting speed of 60 m/
min and the feed rate of 0.02 mm/r.

（2） Tool wear has apparent stage division： 
normal wear （Machining hole depth ≤ 3 500 mm） 
and sharp wear （Machining hole depth > 3 500 mm）. 
In these two stages， the wear amount of the rake 
face of the outer edge is always more significant 
than that of the flank face of the outer edge and the 
flank face of the inner edge， and the maximum wear 
band width can reach 0.46 mm. The burning area of 
the rake face of the inner edge is always more exten⁃
sive than that of the flank face of the outer edge， 
and the maximum can reach 0.74 mm2. Due to the 
wear amount of the outer blade rake face increases 
sharply in the severe wear stage， and the wear 
amount is always greater than 0.35 mm. Combined 
with the measurability of various parameters of the 
tool， it is recommended to the maximum wear of 
the outer edge rake face as the basis for the regrind⁃
ing the gun drill. The tool wear mechanism is as fol⁃

Fig.33　Straightness error variation curves at different pro⁃
cessing depths

Fig.34　Straightness error change curve with the cumulative 
processing depth 
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lows： When the tool coating is intact， it is mainly 
adhesive wear and oxidative wear， accompanied by 
a small amount of diffusion wear， among which the 
diffusion wear of the rake face of the outer cutting 
edge is the most serious. After a large number of the 
tool coating peelings off， the wear mechanism of the 
tool substrate is mainly adhesive wear， abrasive 
wear， and oxidation wear， accompanied by a small 
amount of diffusion wear.

（3） The drilling force increases with the in⁃
crease of tool wear. In the normal wear stage， the 
drilling force is stable at about 570 N； in the sharp 
wear stage， the drilling force can reach about 800 N. 
The roughness of the hole wall increases with the in⁃
crease of tool wear. In the normal wear stage， the 
roughness of the hole wall fluctuates at 0.25 μm； in 
the sharp wear stage， the increased trend of rough⁃
ness becomes more prominent， and the maximum 
can reach 0.8 µm. The straightness error increases 
with the increase of tool wear. In the normal wear 
stage， the straightness error of the workpiece fluctu⁃
ates less， the error is below 0.007 7 mm， and the pro⁃
cessing quality is higher. With the continuous in⁃
crease of processing depth， the fluctuation range of 
the straightness error is getting larger and larger. 
When the processing depth reaches 7 500 mm， the 
straightness error fluctuates the most， reaching 
0.032 8 mm.
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304不锈钢深孔枪钻加工刀具磨损机理和试验研究

姜季涛， 李 亮， 石梦婷， 周子龙， 王 烨
（盐城工学院机械学院，盐城 224051，中国）

摘要：深孔枪钻加工处于封闭半封闭状态，加工过程复杂，加工中钻削力不稳定、刀具磨损严重和加工质量差一

直是深孔枪钻加工的难点。304 不锈钢具有良好的耐腐蚀性和耐热性，广泛应用于各行业，但是硬度高、塑性差

和黏刀的特性一直制约着其在工程应用方面的发展。因此，本文以 304 不锈钢为研究对象，开展工艺参数优化试

验和刀具磨损试验。首先，基于工艺参数优化试验，分析切削速度和进给量对钻削力和孔壁粗糙度的影响规律，

优选出后续试验工艺参数为：主轴转速 1 270 r/mm、进给量 0.02 mm/r 和油压 3 MPa；其次，基于刀具磨损试验，

研究刀具磨损量和刀具磨损形式变化规律，借助扫描电镜（Scanning electron microscope，SEM）和能谱仪（Ener⁃
gy disperse spectroscopy， EDS），阐述深孔枪钻加工 304 不锈钢刀具磨损机理；最后，揭示刀具磨损对加工质量的

影响规律，提出刀具重磨建议。

关键词：枪钻；304 不锈钢；刀具磨损；加工质量
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