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The radial pitch diameter difference has a great influence on the quality of the internal thread. However, it is difficult to accurately
control the radial pitch diameter difference of the thread in the tapping. Therefore, the influence of various factors on radial pitch
diameter difference for tapping AISI H13 steel was studied in this paper. Parameters with optimum radial pitch diameter
difference were determined by the Taguchi method, and the tapping experiment was carried out according to Taguchi L18
orthogonal array. Based on the signal-to-noise ratio and variance analysis, the experimental results were evaluated to determine
the combination of factors to obtain the smallest radial pitch diameter difference and the influence level of each factor on radial
pitch diameter difference, and the prediction equation of radial pitch diameter difference was established through the regression
analysis. The results show that the combination of factors to obtain the smallest radial pitch diameter difference is a hone radius of
10 ym, a spindle speed of 100 rev/min, and a chamfer length of 2 pitches; the order of importance of the influencing factors on
radial pitch diameter difference is spindle speed, followed by hone radius and chamfer length, and their percentage contribution
rates are 61.54%, 24.53%, and 6.16%, respectively; the determination coefficient R? of the prediction equations is 0.925; the
confirmation experiment conducted with 95% confidence level shows that Taguchi method and prediction equation successfully

optimize and predict radial pitch diameter difference.

1. Introduction

Due to the advantages of simple structure, reliable connection,
and convenient assembly and disassembly, threaded connec-
tions are widely used in energy, aerospace, high-speed rail,
automobile manufacturing, and other fields [1-3]. Inferior
threads not only reduce the performance of the product but also
even bring huge safety hazards [4, 5]. Therefore, it is of great
significance to improve thread manufacturing quality and
strengthen thread quality control [6].

As an important part of a threaded connection, internal
thread exists in almost all mechanical components [7].
Tapping is the only method to manufacture small-diameter
internal threads [8]. It is usually performed in the final stage
of the manufacturing process. Any machining failure or
reduction in precision cannot achieve the perfect assembly
of components without gaps and even lead to huge economic

losses [9, 10]. In actual production, it is difficult to guarantee
the manufacturing quality of internal threads due to the
harsh processing conditions of tapping. In order to improve
the thread quality of tapping processing, some scholars have
conducted related research. Hsu et al. [11] analyzed the
influence of the helix angle of the tap on the quality of thread
manufacturing and found that a tap with a helix angle of
10-15" can produce a relatively complete thread shape and
better surface quality. Fernandez Landeta et al. [12] com-
pared the manufacturing accuracy of forming taps with
different geometric parameters and found that the cross-
sectional shape and chamfer length have an effect on the
accuracy of the thread. The focus of these studies is the
thread surface quality, but in many cases, the thread per-
formance cannot be effectively evaluated by the surface
quality alone. The radial pitch diameter difference (RPDD) is
regarded as an important parameter for evaluating thread
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quality. RPDD 1is a geometric error, which refers to the
maximum difference between the radial pitch diameters
within a lead (pitch for single thread) length, as shown in
Figure 1. The RPDD (AD,,) of the thread can be determined
by the difference between the maximum pitch diameter and
the minimum pitch diameter in each radial direction of the
actual thread.

ADZr =D _DZrmin' (1)

2r max

In fact, due to the existence of RPDD, the contact area
between the internal and external threads will change
sharply, resulting in uneven load distribution on the thread
surface, thereby accelerating wear and shortening the service
life, and severely causing “looseness” or even “slip buckle.”
In the past, conservative process parameters were usually
selected to ensure the thread quality. But today’s fierce
competitive environment requires producers to be enter-
prising [13]. Therefore, the parameters of tapping must be
optimized to reduce manufacturing costs and improve the
performance of mechanical products.

Taguchi method is a statistical method used to optimize
designs for cost, performance, and quality. It can efficiently deal
with multifactor problems with a small number of experiments,
so it has been widely used in the field of engineering analysis.
Vankanti and Ganta [14] studied the influence of process pa-
rameters such as cutting speed, feed rate, point angle, and chisel
edge width in the drilling of glass fiber reinforced polymer
composite materials on hole quality. The results show that the
cutting speed is the most important factor affecting the
roundness of the hole, followed by the feed speed, the chisel
edge width, and the point angle. Ahmed and Arora [15] studied
the influence of hone radius, cutting depth, and feed rate on
surface roughness based on the Taguchi method and variance
analysis and confirmed that hone radius is the biggest factor
affecting surface roughness. Bhattacharyya et al. [16] studied the
effect of micromilling parameters on average surface roughness
of high purity aluminium and copper and determined the
optimum milling conditions through the Taguchi method. The
results show that the optimal surface roughness was obtained
for aluminium and copper with spindle speed, feed, and depth
of cut of 7000 rev/min, 30 mm/min, 10 ym, and 4000 rev/min,
20 mm/min, and 10um, respectively. Finally, quadratic re-
gression equations relating roughness to speed, feed, and depth
of cut are proposed with the correlation coefficients (R*) more
than 0.985. The purpose of this paper is to determine the
optimal RPDD with a specific combination of parameters in
tapping AISI H13 steel based on the Taguchi method. The
signal-to-noise ratio (S/N) is used to determine the optimum
combination of parameters. Through the analysis of variance
(ANOVA), the influence level of each parameter on RPDD is
determined. The prediction equation of RPDD is established by
regression analysis (RA).

2. Materials and Methods

2.1. Material and Measurement. The machine tool and taps
for tapping are shown in Figures 2(a) and 2(b). High-speed
steel (AISI M2) straight flute tap obtained from Harbin
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Shenxin Thread Tool Co., Ltd. is installed on a VMC850
vertical machining center with a power of 11 KW through a
BT40 floating tool holder during tapping. The geometric
parameters of the tap are listed in Table 1. A plate of AISI
H13 material in the form of 200 mm x 200 mm x 15 mm is
used as the tapping sample, and the diameter of the pre-
drilled hole for tapping was 6.8 mm (Figure 2(c)). The
specific components of AISI H13 used in the experiment are
listed in Table 2. After the tapping test, the RPDD of the
threaded hole was measured by the GJ-5S Johnson Gage
internal thread measuring instrument of Edmunds Com-
pany (Figure 3), and the measurement temperature was
20+ 1°C. When measuring, a single pitch diameter probe is
used to measure the pitch diameter value for every 30°, and
the first 3 complete threads are measured for each threaded
hole. After the measurement is completed, the maximum
and minimum pitch diameter of each complete thread in the
radial position is found, and then (1) is used to determine the
RPDD of each thread. The values of RPDD are calculated as
the average of three measurements taken from these three
threads.

2.2. Preparation of the Cutting Edge. At present, there are
many preparation methods for hone radius, such as
grinding, abrasive jet processing, laser processing, and
electrochemical machining, but only electrochemical ma-
chining is suitable for the preparation of complex tools, so it
is the best choice for the preparation of tap hone radius.
Electrochemical machining is the result of the combined
effect of the anode film effect and tip effect [17]. As shown in
Figure 4, a high-resistance anode film of varying thickness is
wrapped around the tool. Due to the tip effect, the film near
the cutting edge is thin, the current is large, which causes a
large amount of cutting edge material to be quickly dis-
solved, and the cutting edge gradually becomes rounded.
Figure 4 shows the electrochemical machining equipment.
In electrochemical machining, the tap is connected to the
anode of the power source, and the graphite plate is selected
as the cathode. Experimental conditions: the electrolysis
power supply is a 24V DC power supply, the electrolysis
current is 3 A, the spindle speed is 120 rev/min, the elec-
trolyte is the electrolytic polishing fluid produced by Foshan
Adekron Electromechanical Technology Co., Ltd., and the
electrolyte temperature is 25°C. In the experiment, the hone
radii of different sizes were prepared by changing the
electrolytic electric quantity. The specific parameters are
shown in Table 3.

2.3. Taguchi Method. Taguchi method proposes a unique
orthogonal array design to improve the quality of products
and effectively reduce the number of experiments. It is an
efficient, fast, and economical experimental design method.
In this study, the influence of the three factors of hone
radius, spindle speed, and chamfer length on RPDD is
mainly considered. According to the actual situation, dif-
ferent levels are selected for the three factors, and the specific
values are shown in Table 4. Since the level of each factor in
the experiment is different and the interaction between the
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AD;, = Dyrinax = Daymin
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FIGURE 1: Schematic diagram of RPDD.
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FIGURE 2: Machine tool and materials. (a) VMC850 vertical machining center. (b) Straight flute taps with different chamfer lengths.
(c) Sample specification.

TaBLE 1: Geometric parameters of taps.

Parameter Value
Nominal diameter (mm) 8
Tap length (mm) 72
Pitch (mm) 1.25
Rake angle (deg) 7
Flank angle (deg) 5
Flute number 3
Hone radius (ym) 0, 10, 20
Chamfer length (ym) 2,4

TaBLE 2: Chemical composition of AISI H13.

Weight percent
(%)

C 0.32~0.45

Si 0.80~1.20

0.20~0.50

4.75~5.50

1.10~1.75

0.80~1.20
<0.03
<0.03

Composition

vo<dzoz
o =]
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Internal thread measuring instrument

Single pitch diameter probe

FIGURE 3: GJ-5S internal thread measuring instrument.

Electrolyte
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FIGURE 4: Electrolysis principle and equipment.

TABLE 3: Preparation parameters of hone radius.

(®)

Hone radius

Electric quantity

(pm) (C) Time (s)
10 53 12
20 100 29
TaBLE 4: Factors and levels.

Chamfer length (A) Spindle speed (B) Hone radius (C)

Level . .
(pitches) (rev/min) (pm)

1 2 100 0
2 4 300 10
3 500 20
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factors is not considered, the L18 (2! x 3%) mixed-level or-
thogonal table is selected to arrange the experiment.

3. Results and Discussion

3.1. Signal-to-Noise Ratio. Taguchi method uses a signal-to-
noise ratio to measure quality characteristics that deviate
from the desired value. There are generally three types of
quality characteristics; the-lower-the-better, the-nominal-
the-best, and the-higher-the-better. The purpose of this
study is to obtain the smallest RPDD, so the lower-the-better
S/N is adopted. The equation of S/N can be expressed as [18]

’l:(%> =-10 log(%gyiz >, (2)

where 7 is the lower-the-better S/N (unit: dB), y; represents
RPDD based on the experimental results, and # represents
the number of repetitions in the experiment. The experiment
results of RPDD and the corresponding S/N obtained from
equation (2) are shown in Table 5. The S/N of each factor is
obtained by calculating the arithmetic mean value of its
corresponding levels, where the level with the highest S/N is
the optimal level of the factor. Table 6 shows the S/N re-
sponse of each factor to RPDD. It can be seen from the table
that the combination of factors to obtain the optimum
RPDD during AISI H13 tapping are Al, B1, and C2. Figure 5
is the main effect diagram of the S/N of Table 6which shows
the S/N response of each factor to RPDD. Same as the S/N
response table, the peak point of S/N in the main effect
diagram shows the optimal level of this factor. Therefore, the
optimal values of Table 6 show the S/N response of each
factor to RPDD determined according to the chamfer length,
spindle speed, and hone radius are 2 pitches, 100 rev/min,
and 10 um, respectively.

3.2. Variance Analysis. The purpose of the analysis of var-
iance is to determine the influence of design parameters on
quality characteristics [19]. The factor that has the greatest
influence on RPDD among the parameters of ANOVA is
determined. Table 7 lists the percent contribution ratio
(PCR) of the influence level of each parameter on the ex-
periment results of RPDD and analyzes the obtained results.
According to Table 7, it is found that the spindle speed (PCR:
61.54%) is the main factor affecting RPDD, followed by the
hone radius (PCR: 24.53%) and the chamfer length (PCR:
6.16%). Therefore, the most effective factor for RPDD is the
spindle speed. In addition, the S/N response results in Ta-
ble 6 and the results of the main effect plot in Figure 5 were
verified by ANOVA.

3.3. Regression Analysis. Regression analysis is an analysis
method that combines statistical and mathematical tech-
niques. It is generally used to explain the quantitative re-
lationship between response and independent factors. In this
study, the factors are chamfer length, spindle speed, and
hone radius, whereas the response is RPDD. The empirical

data were used to construct a quadratic polynomial model by
RA. The quadratic polynomial model is expressed as [20]

k k k
y=p+ Zﬁixi + Zﬂiixz‘z + Z Bijxix;, (3)
i=1 i=1 ij=Li#j
where f, is the free term coefficient in the regression
equation and f3;, 85, . . ., B and B11, B2as - - - Pk are the linear
and the quadratic term coefficients, respectively, while f31,,
P13 - Pr1 are the interacting term coefficients. y is the
response, x; is the factors, and k is the number of factors.
According to the above quadratic polynomial model, the
prediction equation for RPDD obtained by RA is as follows:

RPDD = 8.39 + 0.597A + 0.06763B ~ 0.544C — 0.000105B
+0.02325C” + 0.0058 AC — 0.000087BC.
(4)

The determination coefficient R” of the prediction equation
is 0.925. The determination coefficient R of the prediction
equation is close to 1, which shows that the predicted value is in
good agreement with the experimental value. Figure 6(a) is the
normal probability plot of the residuals of RPDD. It can be seen
from the figure that the residuals are approximately arranged on
a straight line. This means that the error is normally distributed,
and the terms mentioned in the model are significant [21]. As
shown in Figure 6(b), the maximum residual of RPDD of 1.55 is
within an acceptable range, which means the importance of the
established equation. Figure 7 shows that the predicted value of
RPDD is very close to the experimental value, which shows that
the correlation between them is very good [22]. Therefore, the
equation proved to be an effective method for predicting RPDD.

Figure 8 is a 3D mapping surface of RPDD obtained
from the prediction equation. The figure shows the influence
of spindle speed and hone radius on RPDD. From the
comparison of Figures 8(a) and 8(b), it can be found that the
RPDD obtained by a tool with a chamfer length of 2 pitches
is generally smaller than that of a tool with a chamfer length
of 4 pitches, and both figures show that the RPDD obtained
at the lowest spindle speed and a medium hone radius is the
smallest. Therefore, in order to obtain the smallest RPDD,
AISI H13 tapping needs to be carried out by using a tool with
a chamfer length of 2 pitches at the lowest spindle speed and
medium hone radius.

3.4. Confirmation Experiments. The confirmation experi-
ment is the last step of the optimization process, and the
purpose is to evaluate whether the optimization conditions
are effective. In this study, the Taguchi method and pre-
diction equations were validated. When performing con-
firmation experiment on the Taguchi method, the optimum
RPDD (RPDD,,,) is obtained by

RPDD,,, = 107", (5)

k
G = M+ Y. (1 = 1) (6)

i=1
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TaBLE 5: Experimental results and S/N.
S/N
Exp. no A B C RPDD (ym) (dB)
1 1 1 1 15.7 -23.9
2 1 1 2 12.4 -21.9
3 1 1 3 14.6 -23.3
4 1 2 1 19.8 -25.9
5 1 2 2 16.5 -24.3
6 1 2 3 17 -24.6
7 1 3 1 17.3 —24.8
8 1 3 2 14.3 =231
9 1 3 3 15.6 -23.9
10 2 1 1 15.9 -24.0
11 2 1 2 12.9 -22.2
12 2 1 3 15 =235
13 2 2 1 23 -27.2
14 2 2 2 19.2 -25.7
15 2 2 3 20.7 -26.3
16 2 3 1 17.6 -24.9
17 2 3 2 14.8 -23.4
18 2 3 3 15.9 -24.0
TABLE 6: S/N response.
Mean S/N ratio
Level
A B C
1 -23.97 -23.14 -25.13
2 ~24.59 ~25.69 ~23.43
3 -24.01 ~24.27
Max-min 0.63 2.55 1.70
23.0
A ° B C
2351 A
g
~ -240 |- °
8
'*é A
Z 245+
Py
3
5 -25.0
Q
g A
-25.5
° .
Smaller is better
_26.0 1 1 1 1 1 1 1
4 100 300 500 0 10 20
Level
FIGURE 5: Main effect diagram of S/N for RPDD.
TaBLE 7: ANOVA for RPDD.
DoF SS MS F test P value PCR
(%)
A 1 7.74 7.74 9.51 0.009 6.16
B 2 77.31 38.66 47.51 <0.001 61.54
C 2 30.81 15.41 18.93 <0.001 24.53
Re 12 9.76 0.81 7.77
Total 17 125.62 100

DoF: degrees of freedom; SS: sequential sum of squares; MS: mean sum of squares; Re

: residual error.
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TaBLE 8: Predicted values and confirmation experiment results by
Taguchi method and regression equations.

Prediction
equation
Pre. Error (%) Pre. Error (%)
12.56 1.27 12.21 1.56

14.86 0.94 15.20 1.32
16.85 2.08 17.16 3.85

Taguchi method
Level Exp.

A1BIC2 (OPT.) 124
A2BIC3 (RAN.) 15
A1B2C2 (RAN.) 16,5

where 7 is the S/N calculated at the optimal level, #,, is
the average S/N of all experiments in Table 5, #; is the
average S/N at the optimal level of each factor, and k is the
number of factors that affect RPDD [23].

In the confirmation experiment, the confirmation ex-
periment value should fall within the confidence interval
(CI). If the reliability of the assumption is 95%, the confi-
dence interval can be calculated by the following equation
[24]:

1 1
CI =4|F XMS,[ —+—=), 7
\/ a,1,DoFe e(neff R) ( )
Y ®)
e = 7>
eff 1+TD0F

where F, | pore is the F ratio under the a confidence level,
DoFe is the error degree of freedom, MS, is the error
variance, n.g is the effective number of repetitions of the
experiment, R is the number of repetitions of the confir-
mation experiment, N is the total number of experiments,
and Tp,r is the total degree of freedom of the main factor.

In thlS Study, F95%,1)12 = 4747, MSe = 081, R= 3, N= 18,
Tpor=5, and n.g=3. By using equations (7) and (8) to
calculate, CI=1.60, which means that the result of the
confirmation experiment should fall within the following
range:

RPDD,,, - CI < RPDD,,, < RPDD,,, + CI = 10.96 < 12.4 < 14.17.
)

Taguchi method and prediction equation are confirmed
at the optimal and random levels. In Table 8, the experi-
mental results are compared with the predicted values ob-
tained by the Taguchi method and prediction equation. The
error value between the predicted value and the experi-
mental value is less than 20%, and the statistical analysis is
reliable [25]. Therefore, the results obtained from the
confirmation experiment indicate a successful optimization.

4. Conclusions

Tapping is the only method for manufacturing small-di-
ameter internal threads. Due to the harsh processing con-
ditions, the processing quality is difficult to guarantee.
RPDD is a very important parameter to evaluate the quality
of thread manufacturing, but there are few literatures on
RPDD in tapping. Therefore, in order to ensure the quality of
thread manufacturing, in this paper, the parameters that
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affect RPDD when tapping AISI H13 are optimized based on
Taguchi experimental design, and RPDD is modeled based
on regression analysis. The specific research conclusions are
as follows:

(i) Through the analysis of S/N, the combination of
optimum parameters for the minimum RPDD has
been obtained: the chamfer length of 2 pitches,
spindle speed of 100 rev/min, and hone radius of
10 ym.

(i) According to the results of ANOVA, the PCR of
factors A, B, and C on RPDD are 6.16%, 61.54%, and
24.53%, respectively, among which spindle speed
(factor B, 61.54%) is the most important factor
affecting RPDD.

(iii) The RPDD prediction equation is established by RA.
The determination coefficient R* of the prediction
equation is 0.925, and the prediction results of the
equation are in good agreement with the experi-
mental results.

(iv) The 95% confidence level confirmation experiment
shows that the Taguchi method and prediction
equation have successfully realized the optimization
and prediction of RPDD.
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