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Abstract Single-pass honing is an important machining method for finish machining of holes,

which can meet the requirement for high efficiency and consistency of holes. Characterization

and life prediction of single-pass honing tool are necessary to improve the machining accuracy of

holes honed, especially dimension accuracy. Single-pass honing tool is a single layer abrasive tool

with fixed dimension, which still remains problematic for characterization and life prediction.

For fuel injection nozzles with bore diameter under 1 mm, the stiffness of the single-pass honing

tool is poor. This article presents a novel analytical model that predicts life of the tool with poor

stiffness. Firstly, according to the bore diameter and dimension tolerance, the single-pass honing

tool is designed and manufactured. Based on the prepared single-pass honing tool, the measurement

and characterization methods are established. Furthermore, the tool wear tests are carried out, and

the tool contour evolution model is established to predict the tool life.
� 2020 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fuel injection nozzles belong to the hot end part of aero-

engines, which require materials to have the comprehensive
properties of high-temperature resistance and high strength.1

Take the mainstream aero-engine as an example, generally
the fuel nozzles are made by martensitic stainless steel and
nickel-based superalloy,2,3 which have excellent comprehensive

performance, and without exception are typical hard-to-cut
materials. The difficulties in machining are mainly reflected
in large cutting force, severe machining hardening, and fast
tool wear, which directly affect the machining efficiency,

dimension accuracy, and shape accuracy.4–7

The micro cutting characteristic of abrasive machining
ensures that the better shape accuracy and surface roughness

can be obtained, so it is widely used in the precision machining
of holes. Commonly abrasive machining methods include
internal grinding, honing, abrasive flow and manual grinding,

etc.8 Internal grinding is one of the earliest methods used in
precision machining of holes. However, the grinding wheel
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Fig. 1 Ideal structure of single-pass honing tool.
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used in micro-hole grinding is usually small in diameter, poor
in tool rigidity and low in grinding speed, which limits the
grinding efficiency, and the dimension consistency and surface

quality.9,10 Compared with internal grinding, honing can
obtain better dimension, shape accuracy and surface quality.
Therefore, honing is widely used as the final process. However,

the internal expanding structure of honing tool limits the
reduction of its diameter. The diameter of traditional oilstone
expanding honing tool is generally not less than 4 mm.11 Abra-

sive flow machining is a kind of free abrasive machining
method, which has been widely applied to the precision
machining of automobile engine fuel nozzle. In abrasive flow
machining, the material removal rate at each position of the

machined hole inner wall varies and cannot be accurately con-
trolled,12,13 so the shape accuracy of the hole beyond control
can hardly guarantee the accurate control of the spray cone

angle and the fuel distribution in the whole combustion cham-
ber. Thus this poses a challenge to manufacture high quality
fuel nozzles with bore diameter under 1 mm for the aero-

engine.14,15 As for the micro hole like this, traditional drilling
and reaming can guarantee higher machining accuracy and
surface roughness simultaneously, compared with the non-

traditional machining of micro-hole such as electric discharge
machining (EDM), electrochemical machining (ECM) and
laser machining, and till now are primarily adopted in the orig-
inal hole machining of fuel nozzles.16–25 But due to the poor

stiffness of the tools in micro-hole drilling and reaming, the
tools are likely to deform during the process, and the dimen-
sion and shape accuracy can scarcely be achieved. Therefore,

manual lapping is needed to improve the dimension and shape
accuracy of nozzles.26 The bore diameter of nozzles is small, so
the manual lapping is difficult, which finally leads to lower

machining efficiency. Furthermore, it is only suitable for small
batch processing, which can hardly meet the increasing
demand of nozzle production and production efficiency.

A novel super-abrasive tool of fixed dimension has been
employed in single-pass honing. When the tool rotates, the tool
passes through the hole to remove some material at the same
time.27–29 Combining the advantages of reaming and honing,

single-pass honing is a kind of abrasive process, which can
achieve higher dimension consistency and shape accuracy
and been widely used in the finish processing of holes in the

hydraulic field.30,31 The processing capacity of single-pass hon-
ing is perfectly matched with the requirements of fuel nozzles,
which has great application potential in high efficiency and

high consistency machining of nozzles. However, there are still
many problems in the application of the single-pass honing to
finish machining of the micro-hole such as fuel nozzles. The
issue in the design and preparation of micro-hole single-pass

honing tool with the diameter less than 1 mm is more pressing.
Due to poor stiffness, it is extremely difficult to manufacture
and dress a tool with small diameter,32 and the geometric

parameters of traditional single-pass honing tools cannot be
directly employed for the tool design.33–35

Dressing is very important to ensure the precision of single-

pass honing tools. But due to undesirable stiffness, the
deformation caused by the unilateral force of the tool cannot
guarantee the dressing precision during dressing with a dia-

mond roller.36 In single-pass honing, however, the circumfer-
ential force of the tool is uniform and the tool is not likely
to deform, it is therefore a feasible dressing method for the
single-pass honing tool with holes. To make clear the evolution
law of the 3D contour during tool dressing, the tool needs to
be accurately measured and characterized. On the characteri-

zation of the monolayer super-abrasive tool morphology,
researchers have carried out a lot of researches,37–44 which pro-
vide significant insight for the present investigation. Based on

the accurate 3D contour characterization, modeling and simu-
lation of cutting force and tool contour evolution can be car-
ried out to predict the contour during tool wear, which

provides theoretical support for tool life prediction.
In this article, the single-pass honing technology is applied

to finish machining of fuel nozzles to solve the problems of low
machining efficiency and poor consistency. Firstly, a single-

pass honing tool with poor stiffness for fuel nozzles is designed
and manufactured. Then, the relationship between the 3D con-
tour of the single-pass honing tool and the 2D contour is

established. Based on the measurement results of the 2D con-
tour, the 3D contour distribution of the tool is determined,
and the static bearing ratio distribution of the single-pass hon-

ing tool is calculated. The wear tests of the single-pass honing
tool are carried out, and the evolution laws of tool contour and
bore diameter during tool wear are made clear. Finally, the

contour evolution model of the tool is established, and the
model is used to predict the contour evolution and tool life
during tool wear.

2. Single-pass honing tool

Single-pass honing tool is a monolayer super-abrasive tool,
including three parts: tool substrate, binder and grains. The

ideal structure of the single-pass honing tool widely used in
the hydraulic field is shown in Fig. 1. The guide part is to
ensure that the tool can enter holes smoothly during honing.

The cutting part removes the most of material, which is the
part bearing the largest cutting load and wearing severely.
To ensure the smooth process of single-pass honing, the cut-

ting part of the tool is generally designed as a micro-taper
structure. The finishing part removes the elastic deformation
of the workpiece surface, improves the surface quality, and sta-

bilizes the bore diameter.
The simplified diagram of the fuel nozzle is shown in Fig. 2,

where dimension consistency is 2 mm. The initial diameter of
the nozzle hole is between 0.74 and 0.75 mm after drilling.

According to the initial hole, the diameter of the guide part
is designed as 0.73 mm. The diameter of the tool obtained from
the preliminary preparation should be slightly larger than the

diameter, to leave a certain allowance for dressing. Besides,
CBN grains are selected to prepare the tool. On this basis,
the abrasive layer of the tool is prepared by pulse electroplat-

ing process. Finally, a single-pass honing tool with single layer
CBN grains is formed, as shown in Fig. 3.



Fig. 2 Simplified diagram of fuel nozzle.

Fig. 3 Surface morphology of single-pass honing tool.

Fig. 5 Original projection contour measured.
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3. Measurement and characterization of single-pass honing tool

3.1. Measurement method of 2D tool contour

Poor tool stiffness causes the tool deformation by the contact
measurement method, and thus leads to the measurement

error. Additionally, the contact probe cannot accurately mea-
sure the microstructure of the tool surface. A non-contact
measurement method is adopted to measure the geometric
contour of the tool. The measuring principle of the multi-

sensor coordinate measuring machine (VideoCheck-
IP250/400) produced by Werth is parallel light projection, as
shown in Fig. 4. Parallel light shined upward from the lower

light source, and the light was partially blocked by the tool,
and the local projection contour of the tool was obtained.
After several consecutive scans along the edges of the tool,

the 2D projection contour under the current pose of the tool
was obtained after splicing, as shown in Fig. 5. Due to the
large length-diameter ratio of the tool, the tool will inevitably
Fig 4 Multi-sensor coordinate measurin
produce deformation, which is reflected in the 2D contour.

Considering the symmetry of the single-pass honing tool con-
tour, the geometric centerline of the tool is evaluated, before
the 2D contour of the tool is characterized.

3.2. 2D geometric centerline of single-pass honing tool

The straightness of the tool geometric centerline is used to
evaluate the tool deformation. The measured 2D contour of

the tool is a series of discrete points, and the calculation
method of geometric centerline is as follows:

1) Divide the original projection contour points into upper
and lower contour with the discretization interval of
0.1 mm,

2) Calculate the average value of radial position y of the
upper and lower contour in each discretization interval,
yui and ydi,

3) Calculate the radial position of the centerline within
each discrete interval yaci = (yui + ydi)/2,

4) To remove the noise signal generated by the random dis-
tribution of the grain height, a 6-order polynomial is

used to fit the calculated geometric centerline, and finally
the geometric centerline ya(x) of the tool is obtained.

The above algorithm is adopted to calculate the fitting cen-
terline, whose results are shown in Fig. 6. The determination
g machine (VideoCheck-IP250/400).



Fig. 6 2D geometric centerline of tool.
Fig. 8 2D equivalent contour of tool.
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coefficient is R2 = 0.991, thus the 6 order polynomial can fit
the centerline of the tool well, with no obvious underfitting

or overfitting observed.
The tool is guided by the hole during honing, and the con-

tact between the tool and the workpiece is shown in Fig. 7. The
tool rotation diameter is larger than the actual diameter due to

the non-zero curvature of the tool geometric centerline.
Assuming that the curvature C of the tool section is the same
and the hole length is L, the curvature C at the axial position x

and the increment de of tool rotation diameter caused by tool
straightness error can be expressed respectively as

de ¼ 1=C�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=C2 � L2=4

q
ð1Þ

CðxÞ ¼ jy00a j
ð1þ y2aÞ3=2

ð2Þ

According to Eq. (2) and Fig. 6, the curvature of the geo-
metric centerline along x can be calculated. When L is

1.3 mm, the derivative of Eq. (1) with respect to C is always
greater than zero, which means that de increases monotoni-
cally. According to Eq. (1), the maximum increment of tool
rotation diameter caused by tool straightness error is about

0.44 lm. It can be seen that tool straightness error has little
influence on bore diameter, which can be ignored. Also, the
flexibility of the tool will further reduce the influence of tool

straightness error. The 2D equivalent contour of the tool is
obtained by removing the geometric centerline deviation, as
shown in Fig. 8.

3.3. Characterization of 2D tool contour

The above measurement method only obtains the projection

contour under a certain position of the tool, which cannot rep-
resent the 3D contour of the tool and be directly used in the
Fig. 7 Diagram of tool-workpiece contact.
analysis of tool wear. Therefore, it is necessary to reconstruct
the 3D contour of the tool after modeling the grain distribu-

tion on the surface of the tool.

3.3.1. Bearing ratio measurement of 2D tool contour

As can be seen from Fig. 9, due to the randomness of the size,

shape and distribution of grains on the tool, the 2D projection
contour is extremely complex. Therefore, the bearing ratio
characteristic is extracted to characterize the 2D contour of
the tool. In order to reduce the influence of tool shape error

on the bearing ratio, the 2D contour is evenly divided along
the axis with an equal interval of 0.5 mm. The tool contour
within a single interval is shown in Fig. 9. The bearing ratio

of the contour at a certain radial height is defined as the per-
centage of the projected length of the grains (the sum of the
red lines) in the total axial length of the contour45–46, so the

following algorithm is adopted to calculate the radial distribu-
tion of 2D contour bearing ratio:

1) Interpolate points at equal intervals along the axial
direction. The total number of points is N, and record
the radial height value y of each point,

2) For a certain height ym, calculate the number of points

in y > ym,
3) Nm/N is the bearing ratio at ym,
Fig. 9 Local 2D contour of tool.



Fig. 11 Distribution of grain diameter.

Fig. 12 Distribution of exposing height when maximum height

is yp.
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The bearing ratio distribution calculated by the above algo-
rithm is shown in Fig. 10. As the height decreases, the bearing
ratio gradually increases and finally stabilizes at 1, which

means that all abrasive particles are in full contact with the
workpiece, and the abrasive particles are completely embedded
in the workpiece.

3.3.2. Distribution model of grain exposing height

The tool surface is composed of a large number of random,
disordered and irregular grains, which are simplified into

spherical particles.47 When the grain mesh M is determined,
the distribution of grain diameter d is shown in Fig. 11, and
its probability density function meets48

fðdÞ ¼ A1

r
ffiffiffiffiffiffi
2p

p exp � 1

8

d� l
r

� �2
" #

d � dgmax ð3Þ

where A1 is the empirical coefficient, and

dgmax ¼ 15:2M�1 ð4Þ

l ¼ dgavg ¼ 68M�1:4 ð5Þ

r ¼ ðdgmax � dgavgÞ=3 ð6Þ
Grains with different shapes and diameters are randomly

distributed on the tool surface, and the exposing height of
grains also presents the corresponding randomness. Relevant

studies have shown that the distribution of grain exposing
height is approximately the same as the distribution of grain
diameter.49,50 Therefore, when the maximum height of the tool
surface is yp, the distribution of y of the grain exposing height

is shown in Fig. 12, and its probability density function is as
follows:

fðy; ypÞ ¼
A1

r
ffiffiffiffiffiffi
2p

p exp � 1

8

y� ðyp � 3rÞ
r

� �2
" #

y � yp ð7Þ
Fig. 13 Schematic diagram of grain projection.
3.3.3. Theoretical bearing ratio of 2D tool contour

For the axial length l of the tool, the projection of randomly
distributed grains on the surface under parallel light is shown
in Fig. 13. The bearing ratio of the contour at y= ym is the

proportion of the projected length of the grains to the total
length l.
Fig 10 Bearing ratio distribution of local 2D contour.
In the 3D contour of the tool, the exposing height yo of the
grains is defined as the distance between the highest point of
the grains and the centerline of the 3D contour. The radial pro-

jected height of the highest point of grain A, whose exposing
height is yo, on the 2D projected plane is denoted as yu, as
shown in Fig. 14. Therefore, the two meet the following
relationship
Fig. 14 Schematic diagram of grain projection transformation.



Fig. 16 Average bearing ratio of tool.
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yu ¼ ðyo � rgavgÞcoshþ rgavg ð8Þ
where h is the angle between OA and the projection plane, and

rgavg is the average grain radius. According to Fig. 8, the min-
imum radius of the tool substrate is 0.280 mm. According to
Eq. (4), the maximum diameter of 270/325# CBN grains is

56.3 lm. Combined with Eq. (8), it is obvious that, when |h|
>p/3, the projection height of grains is less than the minimum
radius of the tool, which is completely blocked by the tool sub-

strate and is not visible in the projection contour. Therefore,
the case where |h| � p/3 is discussed. The transformation of
Eq. (8) can be obtained

yo ¼ ðyu � rgavgÞ=coshþ rgavg ð9Þ
Assuming that the height distribution of grains on the tool

obeys f(yo,yp) in the effective projection area, Eq. (9) can be

substituted into Eq. (7) to obtain

fðyo;ypÞ¼
A1

r
ffiffiffiffiffiffi
2p

p exp �1

8

ðyu� rgavgÞ=coshþ rgavg�ðyp�3rÞ
r

� �2
" #

ð10Þ
where yu � (yp-rgavg)cosh + rgavg. When ignoring the overlap

of adjacent grain projection, the bearing ratio of tool projec-
tion contour at ym can be expressed as

b2d ¼ 2Nsrt

Z maxðym ;ðyp�rgavgÞcoshþrgavgÞ

ym

Z p=3

0

� fðyo; ypÞdm

cosh
dhdyu ð11Þ

When b2d > 1, b2d = 1. Where Ns is the number of grains
per unit area, dm is the bearing length of grain projected on

ym when grain height is yu, as shown in Fig. 15, and can be
expressed as

dm ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2gavg � ðrgavg � ðyu � ymÞÞ2

q
0 � ðyu � ymÞ

� rgavg ð12Þ
3.3.4. Validation of grain distribution model

The parameter NA = A1Ns is defined. When NA and yp are
given, the bearing ratio of 2D projection contour at different

ym can be calculated according to Eq. (11), and then the bear-
ing ratio curve of the theoretical 2D projection contour can be
obtained. NA can be fitted by the 2D bearing ratio curve mea-
sured by tests. The bearing ratio distribution curves of local

tool contour are shown in Fig. 16. Although the maximum
Fig. 15 Projection diagram of single grain.
height yp of the grains varies in different positions, the overall
trend of the bearing ratio is consistent. However, the random-
ness of the grain distribution will probably lead to a large ran-
dom error. To reduce the influence of the above errors on the

fitting accuracy, it is assumed that the grains are evenly dis-
tributed, and the NA at each position is the same. The calcula-
tion method of the average bearing ratio curve is as follows:

1) Calculate the contour bearing ratio curves in all axial
equipartition intervals of the tool.

2) The bearing ratio curves are discretized within the inter-
val [0,1], with a discretization interval of 0.001 mm, to
obtain the vector of the discretized bearing ratio curves.

3) The discretized bearing ratio vectors are used to interpo-
late the bearing ratio curves in 1) to obtain the radial
heights of each bearing ratio curves.

4) By averaging the radial heights at each bearing ratio, the

corresponding relationship between the radial height
and the bearing ratio is obtained, which is called the
average bearing ratio curve.

As can be seen from Fig. 16, the average bearing ratio curve
of the tool is smooth, which can reflect the variation law of

each local bearing ratio curve. When NA is 540 mm�2, the
2D bearing ratio curve of the tool calculated is shown in
Fig. 17. It can be seen that the experimental values are more
Fig. 17 Average bearing ratio of tool (experimental vs. theoret-

ical value).
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consistent with the theoretical values when the radial height is
larger. However, when the radial height gradually reduces,
there is a larger error between the measured and calculated

curve, which is because the projection overlap isn’t taken into
account. When the bearing ratio is small, as can be seen from
Fig. 11, the number of effective grains lessens, and the proba-

bility of the projection overlap of grains is low, which can be
ignored. However, when the bearing ratio increases, the num-
ber of effective grains increases, and the projection of adjacent

grains will overlap with a greater probability, resulting in the
measured value of the bearing ratio less than the theoretically
calculated value. Therefore, only data below 0.5 are used for
NA fitting.

As can be seen from Fig. 17, when the bearing ratio is less
than 0.5 mm, the bearing ratio curve measured coincides with
the theoretical calculation curve. Therefore, the accuracy of

the grain distribution model of the single-pass honing tool is
also verified. Combined with the fitted NA, the grain height dis-
tribution can be obtained by the maximum height yp. As

shown in Fig. 18, it can represent the radial height distribution
of the grains along the tool, thus the representation of the tool
contour is simplified by extracting the feature of the 2D tool

projection contour.

3.4. 3D contour characterization of single-pass honing tool

3.4.1. 3D contour distribution model of single-pass honing tool

The 3D contour distribution of the tool can be characterized
from three dimensions: axial distribution, radial distribution

and peripheral distribution. In Section 3.3, the measurement
and evaluation methods of the axial and radial distribution
are established. At any section in the axial direction of the tool,

the maximum radial height yp at each angle is different. To
characterize the distribution of the tool along the circumfer-
ence, it is necessary to rotate the tool along the axis, measure

the projection contour, and then obtain the maximum radial
height yp at different angles.

Due to the randomness distribution of grains, the maxi-
mum contour height on the projection surface is not equal to

the local maximum height in the 3D contour of the tool, as
shown in Fig. 14. Therefore, the measurement error is intro-
duced with the maximum error modeled as

e ¼ rtð1� coshÞ ð13Þ
Fig. 18 Distribution of 2D contour maximum height.
where rt is the tool radius. Taking the measurement accuracy

and efficiency into consideration, projection planes are mea-
sured for each 10�. When rt = 0.4 mm and h = 5�, the maxi-
mum error is about 1.5 lm. For the measured results, the

distribution of the radial height yp is shown in Fig. 19.
The distribution frequency of the maximum contour height

yp in the circumferential direction at the position x is shown in
Fig. 20. The maximum radial height yp at different axial posi-

tions is simplified into the uniform distribution in the interval
[ymini, ymaxi], as shown in Fig. 21. Then the probability density
of yp in the distribution interval [ymini, ymaxi] can be expressed

as

gðypÞ ¼ 1=ðymaxi � yminiÞ ð14Þ
where ymini and ymaxi are the minimum and maximum value of
yp at the current position respectively.

3.4.2. 3D static bearing ratio of single-pass honing tool

The 3D static bearing ratio of the tool is defined as the percent-
age of the grain area at a certain radial height to the total sur-
face area to represent the 3D tool contour, as shown in Fig. 22.

In order to mitigate the influence of tool shape error on the
bearing ratio, the tool is equally divided along the axial direc-
tion with equal interval l= 0.5 mm. The bearing ratio bs at a

certain axial position can be expressed as

bs ¼ Ns

ymaxi � ymini

Z ymaxi

maxðymini ;ymÞ

Z yp

ym

Smfðyo; ypÞdyodyp ð15Þ

where Sm is the cross-sectional area of the grain with the

exposing height yo. If the grain shape is still simplified into a
sphere, as shown in Fig. 23, Sm can be expressed as

Sm ¼ pðr2gavg � ðrgavg � ðyo � ymÞÞ2Þ 0 < yo � ym < dgavg ð16Þ
The 3D static bearing ratio distribution of the tool is calcu-

lated, as shown in Fig. 24.

4. Single-pass honing tests

4.1. Experimental setup

The tests were carried out at DMG MORI Ultrasonic 20 Lin-
ear. The test platform was shown in Fig. 25. Using 4Cr13 as
Fig. 19 Radial height distribution of the maximum and mini-

mum tool contour.



Fig. 20 Distribution frequency of yp along circumference.

Fig. 21 Distribution model of yp along circumference.

Fig. 22 Diagram of static bearing ratio distribution.

Fig. 23 Bearing area of a single grain.

Fig. 24 Distribution of 3D static bearing ratio.

Fig. 25 Test platform of tool wear.
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the workpiece material, the wear test of the single-pass honing
tool was conducted. The original holes of the workpiece were
obtained by drilling, with bore diameter from 0.744 to

0.750 mm and hole length of 1.3 mm. The coolant was 5% cas-
trol 9554 water-based emulsion with an external cooling pres-
sure of 4 bar.

The spindle speed of wear test was 3000 rpm, the feedrate
was 30 mm/min, and retracting speed was 150 mm/min. The
multisensor coordinate measuring machine (CMM) produced
by Werth was used to measure the bore diameter and the 2D

projection contour of the tool under different wear conditions.

4.2. Evolution of bore diameter and tool contour during wear

Fig. 26 shows the bore diameter obtained under different accu-
mulative material removal volumes (MRV) during single-pass
honing of 4Cr13. At the initial stage of wear, the bore diameter
decreases rapidly, and the tool wears rapidly. When the accu-
mulative MRV reaches 4.046 mm3, the reduction rate of bore

diameter tends to be flat and the tool becomes stable wear
phase. Fig. 27 shows the distribution of static bearing ratio
in the initial state of the single-pass honing tool. When the
radial height is greater than 0.39 mm, the tool surface has

fewer effective grains and a very small bearing ratio, so the tool
will wear faster. With the tool wear, the static bearing ratio of
the tool increases gradually, and the wear resistance of the tool

also increases correspondingly.



Fig. 26 Bore diameter under different accumulative MRV.

Fig. 27 Contour map of static bearing ratio.
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During single-pass honing, the cutting depth of grain is
small, and only the grains with higher exposing height partic-
ipate in cutting and occur wear. Therefore, the distribution of

the maximum circumferential height along the axial direction
of the tool, namely the change law of ymax, can reflect the wear
law of the tool. Fig. 28 shows the maximum contour after tool

wear under different accumulative MRV. During the initial
stage of tool dressing, the maximum contour of the tool
reduces rapidly, which is also consistent with the change law
Fig. 28 Wear evolution of tool maximum contour.
of bore diameter. Subsequently, the accumulative MRV con-
tinues to increase, and the tool maximum contour only has a
bit amount of reduction. The overall contour doesn’t change

significantly, and the tool wear tends to be stable. In addition,
by comparing the measured contour between V= 10.80 mm3

and V= 21.50 mm3, it can be seen that the radial wear of

the tool is very small. The maximum error of the measurement
method used is about 1.5 lm, and the measurement results can
no longer well distinguish the micro wear of the tool. There-

fore, the measurement by CMM can not meet the accurate
characterization of tool contour during further dressing, so
the simulation should be adopted to predict the tool contour.

During tool wear, the grains with high exposure are first

worn, as shown in Fig. 29. After the tool is worn, the bearing
ratio aty > y0maxis set as zero. The maximum contour of the

tool under different wear conditions is known, and the static
bearing ratio under different wear conditions is obtained.

According to the definition of the static bearing ratio, the wear
volumes of the grains are the variation of the static bearing
ratio, which can be expressed as

DVg ¼
Z ymax

y0max

bsSdy ð17Þ

where bs is the static bearing ratio and S is the surface area in
the axial interval of the tool.

Generally, the grinding ratio is defined as the ratio of the

accumulative MRV to the wear volumes of grains. When the
accumulative MRV is up to 10.08 mm3, the bigger the bearing
ratio of the maximum tool contour is, the smaller the actual

radial wear becomes. The measurement error of the tool radial
height has a great influence on the wear volumes of the tool,
resulting in the error of the grinding ratio. Therefore, only

the maximum tool contour before the accumulative MRV
reaching 10.08 mm3 is used to calculate the grinding ratio.
According to Eq. (17), when the accumulative MRV reaches
10.80 mm3, the tool wear volume is 0.0004800 mm3, and the

grinding ratio is 22,500.

5. Contour evolution prediction of single-pass honing tool

5.1. Contact process between tool and workpiece

During single-pass honing, the tool is fed along the axis x as
rotating, as shown in Fig. 30. The effective grains on the tool
surface from point B to point E contact the cutting layer of the

workpiece in turn to remove the material. Due to the periodic-
ity of the tool rotation, the cutting trajectories of the grains on
the workpiece surface can be seen as spiral lines, and f is the

feed per revolution of the tool. Ideally, the cutting states of
adjacent workpiece surfaces of length f are identical, and only
Fig. 29 Schematic diagram of CBN grain wear in single-pass

honing.



Fig. 30 Contact diagram between single-pass honing tool and

workpiece.

Fig. 32 Distribution diagram of dynamic bearing ratio.
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the contact between the tool and the workpiece with length f is
considered.

Expand the tool surface length dx and bore surface length f
along the bus, as shown in Fig. 31. The angle a can be

expressed as

a ¼ arctan
f

pdt
ð18Þ

The cutting distance s of a grain on the workpiece surface
of length f can be expressed as

s ¼ f

sina
ð19Þ

To describe the volumes of interference with the workpiece
surface during the contact between the tool and the workpiece,

the dynamic bearing ratio of the tool bd is defined, as shown in
Fig. 32.

The tool is still discretized along the axial direction, with

the interval l= 0.5 mm, and the dynamic bearing ratio of each
section is calculated respectively. The track overlap of grains
will affect the value of dynamic bearing ratio, thus l is further
equably divided into n segments, with the interval dx. When dx

is small enough, it can be approximately considered that the
grains in dx will not have trajectory interference in honing pro-
cess. After calculating the dynamic bearing ratio of each dx,

the dynamic bearing ratio of the tool is obtained on the length
l.

bdx ¼ Nsdx

fðymax � yminÞ
Z ymax

maxðymin ;ymÞ

Z yp

ym

dmsfðyu; ypÞdyudyp ð20Þ

When bd > 1, let bd = 1. Then the accumulative dynamic
bearing ratio obtained by superimposing the dynamic bearing
ratio at ym of adjacent length mdx can be expressed as

bdðmÞ ¼ bdðm� 1Þ þ bdx � bdðm� 1Þbdx 2 � m � n ð21Þ
Fig. 31 Local expansion diagram of tool and workpiece.
where bd(m � 1) is the dynamic bearing ratio obtained after

the accumulation of adjacent (m � 1)bdx, and for any m 2 [2,
n], if bd(m) > 1, bd(m) = 1. Therefore, the dynamic bearing
ratio of tool surface with length l at ym can be expressed as

bd ¼ bdðnÞ ð22Þ
When the feed per revolution f is 0.1 mm/rev, the discretization
interval l is 0.5 mm, and the equally interval dx is 0.05 mm, the
dynamic bearing ratio of the tool in the initial state calculated
based on Eq. (22) is shown in Fig. 33. Near the highest point of

tool contour, the number of effective grains and the dynamic
bearing ratio are both small. As the radial height of the con-
tour decreases, the dynamic bearing ratio gradually increases

and finally stabilizes at 1.

5.2. Distribution of material removal volume

Affected by cylindricity error and surface roughness, the hole
is not an ideal cylinder. As shown in Fig. 34, yw and ywv respec-
tively represent the lowest and highest points of the workpiece.

The bearing ratio is still used to characterize the workpiece sur-
face, as shown in Fig. 35. Compared with the unilateral
removal allowance of the workpiece, the difference between
the highest and lowest points of the initial workpiece contour

is small. In order to make the calculation easier, the bearing
ratio of the workpiece is always simplified in single-pass hon-
ing process. The simplified bearing ratio curve equation is

denoted as W(y).
During single-pass honing, grains at the front of the tool

participate in cutting to remove material, which creates a

new contour on the workpiece surface. The subsequent grains
Fig. 33 Dynamic bearing ratio of tool under initial state.



Fig. 34 Diagram of hole surface.

Fig. 35 Distribution diagram of workpiece bearing ratio.

Fig. 37 Contact diagram of workpiece and tool

(ywi < ymaxi < ywvi).
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cut the newly generated workpiece surface in turn until all
grains on the tool surface participate in cutting. After the axial

discretion of the tool, each section of the tool along the axis
cuts the workpiece surface in turn. The tool maximum height
of the axial section [xi, xi + l] is denoted as ymaxi, and dynamic

bearing ratio curve is denoted as Tdi(y). After cutting by the
section of [xi � l, xi], the highest and lowest points of the work-
piece surface are ywvi and ywi respectively, and the bearing
ratio curve of the workpiece surface is denoted as Wi(y). When

ymaxi � ywi, as shown in Fig. 36, the tool does not interfere
with the workpiece, and the workpiece material is not
removed.

When ywi < ymaxi � ywvi, contact diagram of workpiece
and tool is shown in Fig. 37. The expected value of the material
removal volume by this section of tool in honing process is

DVi ¼ kppdtL
Z ymaxi

ywi

TdiðyÞWiðyÞdy ð23Þ

where kp is the chip formation coefficient, which represents the
proportion of removal material in the cutting deformation area.
Fig. 36 Contact diagram of workpiece and tool (ymaxi � ywi).
The bearing ratio of workpiece after honing is still approxi-
mately a straight line, and the process results in the lowest point

of workpiece surface increasing from ywi to yw(i +1).

Dywi ¼ ywðiþ1Þ � ywi ð24Þ
The expected value of removal material volume DVi satisfies

DVi ¼ pdtL
R ywvi
ywi

WiðyÞdy�
R ywvi
ywðiþ1Þ

Wiþ1ðyÞdy
� �

¼ pdtLDywi=2
ð25Þ

Combined Eq. (23) with Eq. (25), the following equation
can be obtained

Dywi ¼ 2kp

Z ymaxi

ywi

TdiðyÞWiðyÞdy ð26Þ

When ymaxi > ywvi, contact diagram of workpiece and tool

is shown in Fig. 38. During single-pass honing, the expected
value of material removal volume can still be expressed as

DVi ¼ kppdtL

Z ymaxi

ywi

TdiðyÞWiðyÞdy ð27Þ

Honing causes the lowest point on the workpiece surface
increasing from ywi to yw(i+1), and the highest point increasing

from ywvi to ywv(i+1).

Dywvi ¼ ywvðiþ1Þ � ywvi ð28Þ
where

ywvðiþ1Þ ¼ ymaxi ð29Þ
Dywi, Dywvi and DVi satisfy the following relationship

DVi ¼ pdtL Dywi þ Dywvið Þ=2 ð30Þ
Combined Eq. (27) with Eq. (30), the following equation

can be obtained
Fig. 38 Contact diagram of workpiece and tool (ymaxi > ywvi).



Fig. 40 Influence of tool wear on dynamic bearing ratio.
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Dywi ¼ 2kp

Z ymaxi

ywi

TdiðyÞWiðyÞdy� Dywvi ð31Þ

Eq. (26) and Eq. (31) can be uniformly expressed as

Dywi ¼ 2kp

Z ymaxi

ywi

TdiðyÞWiðyÞdy� Dywvi ymaxi > ywi ð32Þ

When ywi < ymaxi � ywvi, Dywvi = 0. Given the dynamic
bearing ratio of the tool in section i and the current bearing

ratio of the workpiece, the volumes of the workpiece material
removed by the tool in section i can be obtained according to
Eq. (23). In addition, Dywi can be calculated by Eq. (32). It is
concluded that the bearing ratio of the workpiece after cutting

is denoted as Wi+1(y), which can be set as the initial condition
until the MRV distribution at each section of the tool is
obtained.

5.3. Distribution of grain wear volume

According to Section 4.2, the grinding ratio G is calculated.

Assuming that the grinding ratio at each axial position is the
same, the wear volume of CBN grains can be calculated
according to the MRV in each section of the tool, which can

be expressed as

DVTi ¼ DVi=G ð33Þ
It is assumed that the grains with high exposure will wear

first during tool wear. When the tool is worn, the highest point
of the tool ymaxi moves down to y0maxi and the change of static

bearing ratio curve is shown in Fig. 39. When y < y0maxi, the

bearing ratio remains unchanged. When y > y0maxi, the bearing

ratio is zero. The wear volume of grains can be expressed as

DVTi ¼ pdtl

Z ymaxi

y0
maxi

bsðyÞdy ð34Þ

Given the static bearing ratio distribution at each position

along the tool axis and the wear volume of CBN grains, com-
bined with Eq. (34), y0maxi after wear can be calculated. The

dynamic bearing ratio of the tool will also change correspond-
ingly, as shown in Fig. 40. When y < y0maxi, the dynamic load

ratio remains unchanged. When y > y0maxi, the dynamic bearing

ratio is zero.

5.4. Evolution of tool contour

Python is adopted to realize the contour evolution simulation
and prediction of the tool. The tool along the axial and radial
direction is discretized. Axial interval l is 0.5 mm, and radial
Fig. 39 Influence of tool wear on static bearing ratio.
interval Dy is 0.1 lm. At the same time, the workpiece is dis-

cretized along the radial direction with interval 0.1 lm. Calcu-
late tool static bearing ratio matrix bs(j,i), tool dynamic
bearing ratio matrix bd(j,i) and workpiece bearing ratio matrix

bsw(j) respectively, as shown in Fig. 41. According to the size,
shape accuracy and surface roughness of the original hole,
yw = 0.370 mm and ywv = 0.375 mm are determined. The

minimum radial height of the bearing ratio matrix hmin should
be less than yw. In order to improve the efficiency of simula-
tion, hmin is set as 0.360 mm. The maximum radial height hmax

of the bearing ratio matrix should be greater than the maxi-

mum height of the tool. According to the initial maximum con-
tour measured, hmax is taken as 0.41 mm. According to the
wear parameters, the feed per revolution f is 0.01 mm/rev.

The integral operation in Eq. (35) can be equivalent to the fol-
lowing vector dot product operation after discretization.R ymaxi

ywi
TdiðyÞWiðyÞdy ¼ R hmax

hmin
TdiðyÞWiðyÞdy

¼ bdð:; iÞbsw
ð35Þ

For each column of bd(j,i), dot product operation is con-
ducted with bsw from left to right to obtain the MRV in each

axial section of the tool. After dot product operation of each
column, bsw(j) matrix is modified according to Eq. (32), and
the modified bsw(j) matrix is adopted for the next dot product

operation. If the maximum height y0maxi of the current section

after wear satisfies

ymaxi � y0maxi � Dy ð36Þ
Let ymaxi = ymaxi � Dy, and static and dynamic bearing

ratio of y > ymaxi are all set as zero. Eq. (36) is judged repeat-
edly until the condition is not met.

When kp takes different values, the comparison between the
tool maximum contour of simulation and measurement
obtained after honing different number of holes is shown in
Fig. 42. It can be seen that there is a good consistency between
Fig. 41 Bearing ratio matrix of tool and workpiece.



Fig. 42 Experimental and predicted values of tool contour under different wear conditions.

Fig. 43 Influence of feed per revolution on tool wear. Fig. 44 Tool contour revolution along with wear.

Fig. 45 Change law of bore diameter during wear.
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the predicted and measured contour, the tool wear prediction
model can better predict the tool wear during single-pass hon-

ing. By comparing the tool contour obtained by simulation
under different kp, it can be seen that kp has little influence
on tool wear. After increasing kp, the maximum profile after

tool wear is smoother.
As shown in Fig. 43, tool contour is compared with differ-

ent f after honing 161 holes. It can be seen that the impact of f
on tool wear is small. The tool wear decreases slightly with

increasing f. According to Eq. (20), the dynamic bearing ratio
of the tool decreases with increasing f, resulting in decreasing
in the actual MRV. The dynamic bearing ratio values are sim-

ilar under different f.
When kp = 0.1and f= 0.01 mm/r, the predicted results of

tool contour are shown in Fig. 44. It can be seen that the max-

imum contour of the honing tool gradually decreases with
wear. With growth in the number of effective grains, the bear-
ing ratio of the tool also increases. While the wear resistance of

the tool gradually improves, and finally the radial wear rate
gradually decreases.

6. Life prediction of single-pass honing tool

It can be seen from the above analysis that the radial wear
amount of the tool augments with the increase of hole number
honed, and the obtained bore diameter will also decrease under
the same processing parameters. When the bore diameter is

less than the upper deviation of the design value, it is deter-
mined that the tool has reached the required size and the dress-
ing is stopped. When the bore diameter after honing is less

than the lower deviation of the design value, the tool is judged
to be failed. Therefore, in order to realize the accurate predic-
tion of tool life, it is necessary to make clear the change law of

the tool diameter in the wear process. Fig. 45 shows the vari-
ation of the predicted maximum diameter of the tool and the



Fig. 47 Predicted and experimental values of bore diameter

during wear.

Fig. 48 Tool life of different bore diameter range.
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test value of the machining bore diameter with the increase of
hole number when kp = 0.1 and f= 0.01 mm/r. As the hole
number increases, the maximum diameter of the tool decreases

rapidly, and then the decreasing speed gradually flattens. Also,
by comparing the maximum diameter of the tool with the mea-
sured diameter, it can be found that the maximum diameter of

the tool is slightly larger than the processed bore diameter.
Due to cutting force, the surface of the workpiece will be
slightly elastic deformation, resulting in the maximum groove

depth ywv less than the maximum tool diameter ymax, as shown
in Fig. 46. In addition, due to the residual material on the
workpiece surface, the reference yw for the bore diameter mea-
surement is also less than the maximum cutting groove depth

of the workpiece surface ywv. The difference between the big-
gest diameter of the tool and bore diameter honed is denoted
as Ddtw. It can be seen from Fig. 45 that the difference gradu-

ally tends to be stable with the increase of hole number
machined.

The reasons for the formation of bore diameter are compli-

cated, which are not only influenced by the tool contour, but
also related to the honing parameters. Given the tool maxi-
mum contour prediction value, the difference between maxi-

mum diameter of the tool and bore diameter Ddtw is
calculated with the tool wear, thus the change of bore diameter
with tool wear can be obtained. As shown in Fig. 45, Ddtw fluc-
tuation is small when honing parameters are the same. There-

fore, Ddtw is only related to the tool contour and can be
expressed as the function of Nh. The tool diameter forecast
curve and the bore diameter test value curve are similar to

the exponential function. In order to reduce Ddtw fitting error,
the following function model is used.

Ddtw ¼ a1e
b1Nh � a2e

b2Nh þ c0 ð37Þ
where a1, a2, b1, b2 and c0 are constants, and Nh is the number
of processing holes. According to the data in Fig. 45, the above
parameters are fitted by least square method, where

a1 = 0.005619, b1 = �0.006317, a2 = 0.1122, b2 = �13.98
and c0 = 0.005196. According to the predicted value of tool
diameter, the variation law of the diameter obtained by

single-pass honing with the hole number is shown in Fig. 47
under the conditions of spindle speed 3000 rpm, feed rate
30 mm/min, retracting rate 150 mm/min and original bore
diameter from 0.744 to 0.750 mm. With the increase of the hole

number, the obtained bore diameter gradually decreases, and
the variation trend of bore diameter is consistent with tool
diameter. As shown in Fig. 47, the accuracy of the bore diam-

eter prediction model is verified by the good consistency
between the experimental and predicted value.

According to the above bore diameter prediction model, the

bore diameter during tool wear is counted to obtain the hole
number with different bore diameter range, which is called tool
Fig. 46 Schematic diagram of workpiece surface morphology

after honing.
life, as shown in Fig. 48. In the initial stage of tool wear, due to
the rapid wear of the tool, the bore diameter after honing also
rapidly decreases, and the tool life in the corresponding bore

diameter range is also short. The dimension tolerance of the
fuel injection nozzle is 0.002 mm, and the number of holes
between 0.786 mm and 0.788 mm is only 7. The wear resistance
of the tool climbs gradually with tool wear, and the reduction

rate of bore diameter descends. In the same tolerance range,
the number of holes that can be processed by the tool
increases, and the tool life in the corresponding bore diameter

range also increases. When the radial wear reaches 13 lm, the
bore diameter range of honing is from 0.774 mm to 0.776 mm,
and the tool life is 352 holes. Therefore, the tool life can be

extended significantly by increasing the dressing amount, but
the dressing time of single-pass honing tool will increase. In
the process of tool design and preparation, the tool life and

dressing cost should be considered comprehensively to reserve
appropriate dressing allowance.

7. Conclusions

In this article, a measurement and characterization method has
been established for the design of a single-pass honing tool.
Based on the method, the tool wear test was carried out, and
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the tool contour evolution model was established to predict the
tool contour evolution and tool life. The main conclusions are
listed as follows:

(1) The 2D projection contour of the single-pass honing
tool was measured accurately by parallel light projec-

tion. By extracting the characteristic parameters of the
tool 2D projection contour, the relationship between
the 2D projection contour and the distribution parame-

ters of grains on the tool surface was established, so as
to fit the distribution parameter of grains NA = 540/
mm2.

(2) The distribution of the maximum radial height along the

circumferential direction and the axial direction of the
tool was obtained by analyzing the 2D projection con-
tour at different rotation angles. When measuring one

projection plane per 10�, the measurement error of the
maximum radial height could be controlled within
1.5 lm. According to the distribution parameter of

grains and the distribution of the maximum radial
height, the 3D contour characterization model of the
single-pass honing tool was established, and the static

bearing ratio distribution law along the radial and axial
direction of the tool was calculated.

(3) The wear test of the single-pass honing tool was carried
out. The results show that with the increase of the accu-

mulative MRV, the maximum contour and the bore
diameter decreased rapidly, and then the reduction rate
tended to be flat. According to the change of accumula-

tive MRV and the static bearing ratio of the tool, the
grinding ratio of honing 4Cr13 by the CBN tool was
22,500.

(4) By analyzing the microscopic contact process of tool-
workpiece in the honing process, the relationship among
dynamic bearing ratio of the tool, tool parameters and

machining parameters was established. The radial wear
amount was obtained by combining the grinding ratio
and static bearing ratio distribution of the tool. The pre-
diction of contour wear evolution was realized by simu-

lation, and the deviation between the predicted and
measured contour was less than 2 lm. According to
the test results, the empirical formula of the relationship

between the tool and bore diameter is fitted and verified,
which realized the exact control of bore diameter and
tool wear. Increasing the tool dressing allowance can

prolong the tool life, but increases the dressing cost.
Therefore, the tool life and dressing cost should be con-
sidered comprehensively to reserve appropriate dressing
allowance.
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