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Abstract 

A honeycomb structure is widely used in sandwich structure components in aeronautics and astronautics; how-
ever, machining is required to reveal some of its features. In honeycomb structures, deficiencies, such as burrs, edge 
subsiding, and cracking, can easily appear, owing to poor specific stiffness in the radial direction. Some effective 
fixation methods based on a filling principle have been applied by researchers, including approaches based on wax, 
polyethylene glycol, iron powder, and (especially) ice. However, few studies have addressed the optimization of the 
cutting parameters. This study focused on optimizing the cutting parameters to obtain a better surface roughness 
(calculated as a roughness average or Ra) and surface morphology in the machining of an aluminum alloy honey-
comb by an ice fixation method. A Taguchi method and an analysis of variance were used to analyze the effects and 
contributions of spindle speed, cutting depth, and feed rate. The optimal cutting parameters were determined using 
the signal-to-noise ratio combined with the surface morphology. An F-value and P-value were calculated for the value 
of the Ra, according to a “smaller is better” model. Additionally, the optimum cutting parameters for machining the 
aluminum honeycomb by ice fixation were found at different levels. The results of this study showed that the optimal 
parameters were a feed rate of 50 mm/min, cutting depth of 1.2 mm, and spindle speed of 4000 r/min. Feed rate was 
the most significant factor for minimizing Ra and improving the surface morphology, followed by spindle speed. The 
cutting depth had little effect on Ra and surface morphology. After optimization, the value of Ra could reach 0.218 μm, 
and no surface morphology deterioration was observed in the verified experiment. Thus, this research proposes opti-
mal parameters based on ice fixation for improving the surface quality.
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1  Introduction
A honeycomb structure is widely used in aeronautics and 
astronautics, owing to its high stiffness-to-weight ratio, 
good rigidity, shock resistance, and superior insulation 
qualities [1, 2]. It is especially useful in large components 
such as spacecraft landing gear, side bulkheads of space-
ships, and rocket fairings [3]. The specific stiffness will 
increase by seven times in the axial direction with a 3% 
increase in the weight of the honeycomb material [4]. 
In contrast, the specific stiffness is much poorer in the 
radial direction, owing to the thin-walled structure (less 

than 0.1 mm). Thus, it is difficult to fix the structure and 
maintain stability using conventional clamping methods 
[5]. Under the actions of machining with conventional 
clamping methods, it is common to have certain defor-
mations, which can lead to manufacturing deficiencies, 
such as high surface roughness, burrs, edge subsiding, 
and cracking. In that regard, surface qualities, such as 
surface roughness and surface morphology, are common 
indexes of the technical quality of a product. Achieving a 
high surface quality is an important requirement for the 
mechanical behavior of a component [6–8].

In recent decades, several methods have been devel-
oped for fixing honeycomb construction. Double-sided 
tape bonding is a method that uses double-sided tape to 
bond the workpiece and the fixture. This method cannot 
offer enough fixed force to fix the upper surface [9]. The 
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vacuum adsorption method [10] is the same as the dou-
ble-sided tape bonding insofar as the fixed force defect. 
A method based on magnetic field and friction principles 
is more stable than the former methods [11]. However, 
the clamping equipment is too complex, and will increase 
cost during the machining process. Moreover, it is not 
easy to accurately control changes in a magnetic field. 
Although a polyethylene glycol filling method can com-
pensate well for the fixed force defect and can be easily 
carried out, the residual filler is difficult to clean and pol-
lutes the environment during the heating process [9].

In recent years, ice fixation technology has been uti-
lized to fix the honeycomb construction during the 
machining process. As with polyethylene glycol, ice could 
provide enough fixed force and effectively restrain the 
manufacturing deficiencies, but ice is easier to clean, 
and causes no pollution. Han et  al. [12] developed an 
ice fixation platform which could maintain the tempera-
ture at approximately − 10 °C, to maintain the fit force of 
the ice. However, the ice was easily melted, owing to the 
high temperature generated by the cutting process. Using 
liquid nitrogen as a cryogenic medium could maintain 
the ice fixation state [13]. This method is easier to per-
form and more effective at maintaining the ice fixation 
state, owing to the low temperature of liquid nitrogen 
(− 196 °C).

However, few studies have aimed at improving sur-
face quality by optimizing cutting parameters during 
the honeycomb machining process, based on ice fixation 
technology. Honeycomb construction is very sensitive 
to the cutting parameters, owing to its special structure. 
Thus, the machining quality is easily affected by cutting 
parameters. Furthermore, the mechanical properties 
and reliability of the components are also affected. This 
study focused on the optimization of the cutting param-
eters (the spindle speed, feed rate, and cutting depth), for 
obtaining the best combination of surface roughness and 
surface morphology. Taguchi’s method and an analysis of 
variance (ANOVA) were used to achieve this purpose.

The paper is organized according to the following 
sections. First, an overview of the ice fixation method 
parameter is provided. Then, the experimental details are 
introduced, i.e., the experimental detail of using Tagu-
chi’s method and ANOVA to determine and analyze the 
optimal cutting parameters in the experiments. Next, the 
verified experiment is described. Finally, the paper is con-
cluded with a summary of this study.

2 � Analysis of Ice Fixation Machining Technology
2.1 � Deformation Analysis
As a special thin-wall porous structure, each honey-
comb cell wall constructed in the honeycomb cutting 
process is independent. To simplify the analysis, only a 

single honeycomb structure was extracted for the strain 
analysis, without regard to support by other honeycomb 
structures.

During a milling process without ice fixation, there is 
no support in the interior of the honeycomb structure 
(Figure 1a). Therefore, without the ice fixation, it is easy 
for deformities to occur during the machining process. 
In contrast, ice can provide support forces opposite to 
the direction of machining (Figure 1b). Accordingly, the 
deformation can be effectively suppressed by an ice fixa-
tion method.

The deformation of a non-ice fixation honeycomb unit 
can be calculated using Eq. (1) [14]. The deformation of 
the ice is the ratio of the elongation and side length. After 
the ice fixation, the deformation of the honeycomb unit 
approximates to the ice deformation. Moreover, the elon-
gation of the ice is small. Thus, the honeycomb unit does 
not easily deform under a condition of ice fixation.

where ε2 is the deformation of a non-ice fixation hon-
eycomb, ε2 is the deformation of an ice fixation honey-
comb, σ is the shear force, E is the Young’s modulus of the 
aluminum honeycomb, I is the inertia moment, θ is the 
angle between the hypotenuse and the horizontal, l is the 
side length of the ice and each honeycomb unit, b is the 
cutting depth, and δ is the side length change of the ice.

2.2 � Feasibility of Ice Fixation by Simulations
To verify the feasibility of ice fixation, the cutting pro-
cesses for both a non-ice fixation honeycomb and an 
ice fixation honeycomb were simulated using ABAQUS 
software. These simulations mainly focused on the defor-
mation of the honeycomb. Thus, the cutting tool was 
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Figure 1  Force analysis of single honeycomb: a model of non-ice 
fixation, b model of ice fixation
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considered as a rigid body, to simplify the calculation. 
The workpiece consisted of eight six-sided regular hexa-
gon honeycomb units, and the length of each side was 8 
mm. The height of the workpiece was 13 mm. The matrix 
material of honeycomb was set as aluminum alloy. The 
material parameters of the workpiece and ice are shown 
in Table 1 and Table 2. The yield limit of the honeycomb 
was calculated using Eq. (2). The failure model is shown 
in Eq. (3) [15]. The ice was considered as a brittle mate-
rial, and the fracture of the ice was calculated using the 
brittle cracking model in ABAQUS. The direct stress 
after cracking was set as 30 MPa [16]. The honeycomb 
and ice were set to tie, and the same cutting conditions 
were applied in the two simulations.

In Eq. (2), σh is the yield limit, A is the material yield 
strength, B is the strain hardening coefficient, C is the 
strain rate sensitivity coefficient, ε is the equivalent plas-
tic strain, n is the strain hardening index, ε* is the plastic 
strain rate, T* is the homologous temperature, and m is 
the temperature sensitivity coefficient. A, B, C, n, and m 
are constants determined by the material.

where Δε is the increment of the effective plastic strain, 
εf is the equivalent strain to fracture, σ* is the pressure-
stress ratio, ε̇∗ is the strain rate, T* is the homologous 
temperature, and D1, D2, D3, D4, and D5 are constants. 
Fracture is allowed to occur when D = 1.0.

As shown in Figure  2a, there was an evident defor-
mation of the non-ice fixation honeycomb during the 

(2)σh=
(

A+ Bεn
)(

1+ C ln ε∗
)(

1− T ∗m
)

.

(3)
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∗][1+ D4 ln ε̇

∗][1+ D5T
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cutting process. Moreover, a serious machining defect 
appeared on the machined surface. In contrast, there was 
little deformation of the honeycomb using the ice fixa-
tion method (Figure 2b). Evident defects were not found 
in the simulation. The results of the simulations indicated 
that the ice fixation method was effective for honeycomb 
support during the machining process, as indicated by 
the results from the deformation analysis. The ice pro-
vided enough support forces to the thin wall of the hon-
eycomb, and the deformation was effectively controlled.

2.3 � Setup of the Experiment Platform
Similar to the case with the polyethylene glycol and mag-
net powder filling methods, the application of the ice 

Table 1  Johnson–Cook (J–C) material constants for honeycomb [17]

Plasticity parameters

A (MPa) B (MPa) C n m ε T0 (°C) Tm (°C)

527 575 0.017 0.72 1.61 1 25 635

Failure parameters

D1 D2 D3 D4 D5

0.110 0.572 −3.446 0.016 1.099

Table 2  Material constants for ice [18]

Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio

900 10.79 0.33

Figure 2  Simulation of cutting process: a non-ice fixation, b ice 
fixation (mm)
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fixation method is intended to address the poor specific 
stiffness in the radial direction of the honeycomb struc-
ture during the milling process. Before machining, the 
honeycomb workpiece was placed in a clamp, water was 
poured into the clamp until the water surface was suita-
bly covered on the workpiece upper surface of the honey-
comb workpiece, and then the entire platform was frozen 
to transform the water into ice. Thus, the ice was used to 
support the thin-walled structure of the honeycomb. The 
ice fixation platform is shown in Figure 3a.

As the experiment was carried out at room tempera-
ture, the ice would be inevitably melted. Therefore, to 
maintain the ice as frozen, liquid nitrogen was continu-
ously sprayed onto the ice, to maintain a sufficiently low 
temperature. A schematic diagram of the experiment 
platform is shown in Figure 3b.

3 � Experimental Design
3.1 � Set‑up
7075 aluminum alloy honeycomb workpieces were used 
in this experiment. The workpieces were cut into 190 

mm × 50 mm × 15 mm sections. The experiments were 
performed on a vertical machining center (Changz-
heng KVC850M, China). A coated cemented carbide 
with ten ZrN-coated blades (LMT 29-135, Germany) 
was used, and the diameter was 16 mm. Liquid nitro-
gen was provided from a liquid nitrogen tank (Tianhai 
DPL - 175, China). The pressure of the outlet was 1 MPa. 
The platform is shown in Figure 4. The roughness of the 
machined surfaces was measured by the ZYGO meas-
urement system for the surface profile (NV5000 5022S, 
USA). A Keyence ultra-depth three-dimensional micro-
scope (VHX-600E, Japan) was used to observe the sur-
face morphology.

3.2 � Taguchi Method
Conventional experimental methods require a large 
number of experiments, leading to a waste of resources. 
Taguchi’s method can solve this problem well, as it can 
minimize variation around a target value [19, 20], and 
offers the opportunity to increase efficiency by optimiz-
ing the machining parameters with fewer experiments 
[21–24]. Taguchi’s method analyzes a result through the 
signal-to-noise ratio (S/N ratio), by creating a number 
of orthogonal arrays in the design of experiment (DOE). 

Figure 3  Schematic diagram: a ice fixation platform, b the 
experiment platform Figure 4  Experiment platform: a general view, b partial view
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In this study, there are three factors and four levels. The 
DOE for this study is shown in Table 3.

The S/N ratio contributes to preventing variance devia-
tions from the target value, and can be classified into 
several categories: larger is better, normal is best, and 
smaller is better. The three categories of the S/N ratio 
were calculated using Eq. (4):

In the above, Y is the observed data, n is the number of 
experiments, and σ is the variance of Y.

The highest value of the S/N ratio indicates the optimal 
combination of the parameters in the experiment [25–
27]. In this work, the S/N ratio of each group is calculated 
based on the “smaller is better” model, as the purpose of 
this experiment is to find the minimum surface rough-
ness value.

3.3 � Analysis of Variance (ANOVA)
The ANOVA was applied to evaluate the importance of 
each factor. The ANOVA aims to estimate the seriousness 
of the goal variation caused by the variation of each fac-
tor, as observed from the results [28–30]. Three factors 
were analyzed by ANOVA to determine the influence of 
each factor on the experimental results. The F-value and 
P-value were used to estimate the results of the ANOVA. 
The F-value represents the ratio between the variance of 
the group and the within-group variance. The larger the 
F-value, the more significant the equation, and the bet-
ter the degree of fitting. As a decreasing indicator of the 
credibility of a result, the P-value indicates the reliabil-
ity of the result. The larger the P-value, the less we can 
assume that the association of variables in the sample is a 
reliable indicator of the correlation of the variables in the 
population.

4 � Results and Analysis
4.1 � Cutting Parameters Optimization and Analysis
According to the DOE, an L16(34) orthogonal array 
was arranged for the experiment. 16 groups of surface 
roughness values were measured using the ZYGO meas-
urement system. The results (the roughness average, 

(4)







Larger is better: S/N = −10 ∗ log[
�

(1/Y 2)/n],

Normal is the best: S/N = −10 ∗ log
�

(σ 2),

Smaller is better: S/N = −10 ∗ log[
�

(Y 2)/n].

hereafter Ra, and S/N ratio based on Ra) are shown in 
Table 4. A main effects analysis was used to analyze the 
trend of the effect of each factor. The main effects plots 
for the means and S/N ratios of the three factors (spindle 
speed, feed rate, and cutting depth) in the cutting experi-
ment are shown in Figure 5.

Optimum honeycomb machining conditions require a 
low value of Ra. As shown in Table 4, the S/N ratio of No. 
11 was outstanding. This indicates that No. 11 is the opti-
mal parameter combination for obtaining the minimum 
value of Ra in this orthogonal array. The main effect plots 
show the influence of each factor on the results of the 
experiment. In the main effect plots for the means and 
S/N ratios, the levels of the cutting parameters ensured 
that the process would not deviate when its target was 
level 3 (4000  r/min) of the spindle speed and level 1 
(50 mm/min) of the feed rate. The cutting depth had little 
effect on the results, according to the main effect plots of 
the honeycomb cutting experiments.

Table  5 shows the ANOVA analysis of the experi-
ment. According to the ANOVA analysis, the F-value 
and P-value were calculated, to verify the significance of 
each factor. The larger the F-value, the greater the influ-
ence of the factor on the result. In the case of the sur-
face roughness, the feed rate was the most significant 
factor, based on the F-value in the ANOVA analysis. The 
spindle speed was in second place. As mentioned above, 
the cutting depth had minimal impact. The analysis was 
performed for a significance level of α=0.05 (confidence 

Table 3  Design of experiment (DOE)

Factor Level-1 Level-2 Level-3 Level-4

Spindle speed (r/min) 2000 3000 4000 5000

Cutting depth (mm) 0.4 0.8 1.2 1.6

Feed rate (mm/min) 50 100 150 200

Table 4  Experimental results following L16(34) orthogonal 
array

No. Spindle 
speed (r/
min)

Cutting 
depth 
(mm)

Feed rate 
(mm/min)

Ra (μm) S/N ratio (dB)

1 2000 0.4 50 0.480 6.3752

2 2000 0.8 100 0.552 5.1612

3 2000 1.2 150 0.602 4.4081

4 2000 1.6 200 0.612 4.2650

5 3000 0.4 100 0.519 5.6967

6 3000 0.8 50 0.368 8.6830

7 3000 1.2 200 0.555 5.1141

8 3000 1.6 150 0.586 4.6420

9 4000 0.4 150 0.450 6.9357

10 4000 0.8 200 0.569 4.8978

11 4000 1.2 50 0.288 10.8122

12 4000 1.6 100 0.416 7.6181

13 5000 0.4 200 0.561 5.0207

14 5000 0.8 150 0.507 5.8998

15 5000 1.2 100 0.497 6.0729

16 5000 1.6 50 0.320 9.8970
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level of 95%). Thus, the P-value was set at 0.05. As judged 
by the P-value, a factor that exceeds 0.05 is insignificant. 
It was verified that the cutting depth had little effect on 
the results by examining the P-value. In contrast, the 
other two factors were significant in this experiment. 
In conclusion, the feed rate and spindle speed were the 
most significant factors during the honeycomb machin-
ing process.

However, the surface roughness is not the only evalua-
tion criterion for machining. The surface morphology is 
also important in the honeycomb machining process. A 
Keyence ultra-depth three-dimensional microscope was 
used to observe the surface morphology of the orthogo-
nal arrays. Although the ice fixation method greatly 
improves the machining quality of a honeycomb, there is 
still surface morphology deterioration when the cutting 
parameters are unsuitable. In that regard, Figure 6 shows 
a typical deterioration; cracking defects and burr phe-
nomena occurred, owing to inappropriate cutting param-
eters. In contrast, the surface morphology of the No. 11 
group was evidently superior to the others. There was no 
evident surface morphology deterioration detected in the 
picture of the No. 11 group (Figure 7).

As combined with the results of surface roughness 
and surface morphology, the best quality of honeycomb 
machining was obtained with the parameters of the No. 
11 group (4000 r/min spindle speed, 50 mm/min feed 

rate, and 1.2 mm cutting depth). According to the analy-
sis of the Taguchi method and ANOVA, the feed rate had 
the greatest impact on surface quality, the spindle speed 
was the second most-influential factor, and the cutting 
depth was insignificant.

Owing to the deformation inhibition from the ice fixa-
tion method, the cutting depth has the least influence on 
the experiment. The honeycomb is a typical thin-walled 

Figure 5  Main effects plot: a mean effects plot, b signal-to-noise (S/N) ratio plot

Table 5  Analysis of variance (ANOVA)

Factor Degree 
of freedom

Seq SS Adj MS F-value P-value

Spindle speed 3 0.036943 0.012314 7.17 0.021

Cutting depth 3 0.001089 0.000363 0.21 0.885

Feed rate 3 0.100486 0.033495 19.49 0.002

Error 6 0.010309 0.001718

Total 15 0.148828

Figure 6  Typical surface morphology deterioration

Figure 7  Surface morphology of the No. 11 group
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structure, and it is sensitive to vibration (although the 
ice fixation provides a support force). With rising spin-
dle speed, the vibration increases. The vibration reduces 
the binding capacity between the ice and honeycomb. 
Moreover, the ice is a brittle material, and is fragile under 
vibration. Therefore, when the spindle speed reached 
5000  r/min, the surface roughness was higher than 
4000 r/min. With an increasing feed rate, the strength of 
the ice could not support the cutting force, and thus the 
occurrence of extrusion deformations rose. As a result, it 
was easier to induce manufacturing deficiencies.

4.2 � Experiments by Optimum Cutting Parameters
A verified experiment was performed with the opti-
mum cutting parameters according to the analysis of the 
Taguchi method and ANOVA, to validate the conclu-
sions obtained in the above research. The cutting tool in 
this verified experiment was replaced by a KYOCERA, 
SGS series,43MAPF 44631 D12, for eliminating the cut-
ting tool influencing factor. The workpiece is shown in 
Figure 8.

The experimental results proved the validity of the cut-
ting parameters. After optimization, the value of Ra is 
0.218 μm, which is superior to the value from workpiece 
machining without optimization (Figure  9). There is no 

surface morphology deterioration in the verified experi-
mental workpiece (Figure  10). Both the surface rough-
ness and surface morphology proved that the optimum 
cutting parameters in the above research were suitable 
for machining an aluminum honeycomb using an ice fix-
ation method. 

5 � Conclusions
In this study, a deformation analysis and simulations 
were conducted to verify the feasibility of an ice fixa-
tion method. Taguchi’s method and ANOVA were 
applied to evaluate the effects of cutting parameters 
on the surface roughness and surface morphology in 
machining an aluminum alloy honeycomb with ice 
fixation. The optimum cutting parameters were deter-
mined for minimizing the Ra and improving the surface 
morphology.

The most optimal results in the orthogonal arrays 
were obtained when the feed rate was 50 mm/min, cut-
ting depth was 1.2 mm, and spindle speed was 4000 r/
min. For minimizing the surface roughness, the feed 
rate was the most significant factor, followed by spindle 
speed. The cutting depth was insignificant in this study. 
After optimization, the surface roughness value was 
better than that without optimization. Moreover, there 
was no surface morphology deterioration.

This research could be applied to improve machining 
quality, under the conditions of “green” environmental 
protection in engineering applications. Moreover, this 
approach can avoid waste and improve the stability of 
the components. The cutting direction and cutting path 
should be considered in further research aimed towards 
curved surfaces in engineering applications.
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