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Abstract: A study of cryogenic drilling in sandwich composites has been carried out. Materials used have been
carbon fiber reinforced polymer sandwich sheets with inner foamed polyvinyl chloride core, composites with
aerospace, marine, construction and automotive applications, including protection structure of Polar
engineering equipment. Experimental tests have been performed in laminates with 12 mm and 6 mm of
thickness, drilling with liquid nitrogen as refrigerant to reach temperatures below -120°C under different
cutting conditions, in particular, drill rotation speeds between 2000 rpm and 6000 rpm and feed rates between
200 mm/min and 600 mm/min. Variables as thrust forces and circularity error have been measured, due to the
importance of its effect on the hole quality, as an operation prior to a possible assembly. A design of
experiments has been allowed determining relationships between variables, identifying the influence of cutting
conditions on the thrust force and the circularity at inlet and outlet holes.
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1. Introduction

The drilling, as a pre-assembly operation in processes such as riveting, requires that the
machined holes achieve good surface quality, to avoid subsequent finishing operations. The
importance of this operation is demonstrated in the tolerances set in the industry for holes, and
numerous studies have been carried out on all types of materials, such as reinforced polymers [1,2]
to find adequate cutting conditions. More recently, sandwich materials are being highly studied
because they can expand their industrial use, due to the combination of material properties. This type
of materials can be found in such as aerospace, marine, construction and automotive applications.
An essential reason is that these composites can allow lighter structures, especially when combined
with skin materials such as carbon fiber [3]. Recent efforts have been undertaken to determine mainly
mechanical properties, for example in panels of cork and a basalt fiber reinforced, used as core and
skin materials, respectively; in them the relationship between stress-strain is determined [4]. For this
reason, the drilling operation is particularly complex. Doluk et al., [5] analyze the outcomes of values
quality surface considering different configurations and tools, in the milling of composites reinforced
with carbon fiber and aluminum; they find that the CFRP/AI configuration increased the values of
Ra, Rz and Rmax surface roughness parameters on the surfaces of both materials, respect to the
configuration Al/CFRP.

In drilling operations several studies can be analyzed. In a composite of two external aluminum
plates bound to a polyethylene core, can be observed as the tool and the cutting speed are identified
as the parameters with more weight on the thrust force and for burr height they were the tool and
the interaction between tool and feed [6].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The drilling of a carbon/glass fiber sandwich structure shows the influence of coatings in the
surface quality, finding that the delamination damage is greater in inlet holes that in outlet hole, and
a slightly reduced diameter at the hole exit [7]

In this type of materials, as balsa wood composite sandwich panel and corrugated foam and
PVC foam sandwich panels, the feed rate has been shown as the more significant factor in the
delamination and uncut fiber factors during the drilling [8]. In other composites as polyurethane
foam sandwiched between glass fiber reinforced plastic laminates, the thrust force is affected by the
thickness of the material, the thrust force is increased when the thickness is increased if the feed rate
is increased, but the thrust force is decreased when the thickness is increased in the rotational speed
isincreased [9]. In the drilling of aluminum honeycomb, as core material, with carbon fiber-reinforced
polymer (CFRP) as the top and bottom surfaces, the thrust force has been increased with increased
feed rate and aluminum thickness, and the delamination at the entrance has been low and without
significant factors, while the delamination at the exit has resulted much higher [10]. Ekici et al., [11]
have found that in drilling CARALL (material composed by aluminum stack plus CFRP layers) lower
diameter values were obtained at the hole exit compared to the hole entry in drilling. Other material
is CFRP with core of foamed polyvinyl chloride, with important marine applications [12], including
protection structure of Polar engineering equipment [13] and still without analyzing its behavior in
manufacturing operations.

Although recently, in a literature review regarding drilling temperature, same findings can be
highlighted, as that the different cooling methods and workpiece and tools materials used in the
experiments may result in different outcomes, as can be seen in different machining processes [14,
15]. Moreover, the influence of these factors on drilling temperature is not a purely linear relationship
[16] and the temperature has little influence on the thermal expansion coefficient and more in the
fibers, at least in the polyether-ether-ketone and the glass fibers [17]. As is seen, cooling achieved
through a Ranque-Hilsch vortex tube, with compressed air impinging on the tool during machining;
this method has allowed decreasing the cutting force, increasing the tool life, improving the surface
finish, among other advantages [18]. Regarding fiber reinforced composites, this technique has
allowed improving some outcomes, as can be appreciated in the drilling of reinforced polyether-
ether-ketone that avoid oversized holes [19] or in the tapping of reinforced polyamide where an
energy reduction can be achieved at temperatures closed to 0°C [20].

At even lower temperatures, such as those achieved in cryogenic machining, improvements in
results are also attained. Cryogenic refrigerants are increasingly used, mainly in energy development
and in the aerospace industry, and their influence on polymeric materials should be studied in depth
[21]. Regarding cryogenic drilling in CFRP material, the liquid N2 reduces the surface roughness of
the drilled parts and tool wear [22]. Other findings are related to the hole diameter error, which
cryogenic drilling reduces compared to dry drilling, also in CFRP [23, 24]. This can be also
appreciated in reinforced composites, for example in glass fiber reinforced composites, where
improvements are achieved, and second-order relationship are found between the variables thrust
forces and average roughness and the parameters defined in the cutting factor; although the diameter
of holes has not a relationship between the cutting conditions [25].

As seen previously, the dimensional precision of the holes is a relevant factor because it
determines the tolerances, also the roughness because it can avoid subsequent finishing operations,
as well as delamination and thrust forces; the latter also because they contribute to energy
consumption during drilling, although in a smaller proportion than the torque. Accordingly with the
above, the main objectives of this work focus on determining the influence of cutting conditions and
the thickness of the core of the composites on the thrust forces, the variation of the diameters at the
entrance and exit of the hole at very low temperatures.

2. Materials and Methods

This Section is dedicated to explaining the experimental procedures deployed for measuring the
variables to be studied and the procedures used for data processing.
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2.1. Experimental Method

The materials used are carbon fiber sandwich sheets with inner foam core, and they were
manufactured by prepreg, pressed and oven cured. The orientation of the carbon fibers was
bidirectional 90%/0°, with 3000 filaments per yarn strand and 200 gr/m?, and 2x2 twill fabric type; its
moisture content was of 0.5%. The core was foamed polyvinyl chloride (PVC), closed cell and density
of 60 kg/m?3. Epoxy resin was used as binder between layers. Two dimensions were used of 12 mm
and 6 mm of thickness, and surface of 175x110 mm? in both specimens. The thickness of each carbon
fiber sheet was 1 mm.

These plates were drilled in a Manga Tongtai TMV-510 (Tong-tai Machine and Tool Co., Ltd.,
Kaohsiung Hsien, Tai-wan) machining center, using a 6 mm diameter PCD (polycrystalline diamond)
drill bit, with a 120° point angle and a 30° helix angle. This type of tool, twist drills, has given better
results in sandwich materials with carbon fiber than other drill bits [10]. The cutting conditions were
drill rotation speeds between 2000 rpm and 6000 rpm and feed rates between 200 mm/min and 600
mm/min. During the machining, the temperature reached slightly lower than -120°C due to liquid
nitrogen (LN2) used as refrigerant and supplied by Air Liquide; this temperature was measured by
an infrared pyrometer (Optris Infrared Sensing, Portsmouth, NH, USA). The drill bit after cryogenic
machining can be seen in Figure 1.a. During drilling, the thrust forces have been monitored by a
piezoelectric dynamometer type Kistler 9257B; this equipment was connected to a multichannel
signal amplifier, Kistler 5070A and the data collected were processed by DasyLab software.

The diameters were measured by a coordinate measuring machine, Mitutoyo BX 303 (Mitutoyo
Corp., Kawasaki-shi, Japan) (see Figure 1.b), using the least squares method to determine the
diameter value through the measured points in the hole. The points were measured at 0.5 mm from
the outer surface. Moreover, a three-dimensional measurement device with a TESA VISIO optical
sensor (TESA SA, Renens, Switzerland) was used.

The experiments were repeated four times, as a result, 72 tests were performed.
T s (25 : == o=

() (b)

Figure 1. Experimental tests: (a) Drill bit after cryogenic machining; (b) Diameter measurement by
coordinate measuring machine.

2.2. Data Processing

A design of experiments was carried out, in particular, an orthogonal design, L18(2'x37), defined
by Taguchi, that allows combining a factor of two levels and seven factors of three levels, at most
[26]. In this case, two factors od three levels for Fz, ADi and ADo; their values can be seen in Table 1.
The foam thickness is also considered for ADi because the chip exit can influence the final diameter.
Mean analysis has been selected because all are control factors and there are no noise factors, and its
interpretation is more intuitive than the signal-to-noise ratio. Thus, the design was applied to
averages of experimental values obtained, and considering the assumption, smaller is better and
nominal is better for diameters variation in the optimization process. An Analysis of Variance
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(ANOVA) was performed to determine the significant factors at the 95% confidence level, through a
P-value less than 0.05. Later, a third-degree regression model was defined [27]; this model was used
because it allowed to obtain a higher determination coefficient, R?, that is, a higher goodness of fit.

Table 1. Values of factors and levels.

Factors Levels Values

Foam Thickness (FT) [mm)] 10

2000
4000
6000
200
400
600

Rotation Speed (N) [rpm]

Feed Rate (F) [mm/min]

WL N R[N RPN

3. Results and Discussion

This section is divided by three subheadings devoted to experimental and statistical outcomes,
and process optimization and predictions.

3.1. Experimental Results

Thrust forces required to drill laminates are low, according to Table 2, perhaps due to the small
thickness of the carbon fiber laminates and the low density of the foamed polyvinyl chloride; this
parameter was already found conclusive in the required thrust forces [28]. The average values for
cutting conditions and foam thickness can be seen in Figure 2. Moreover, these forces are in line with
values obtained in studies focused on cryogenic drilling of CFRP although lower due to different
cutting conditions and drill bit [29].

As expected, the difference in Di (ADi) is similar in the two types of laminates (see Table 1); in
general, ADi increases as N increases and reduces as F decreases. Note that the differences between
2000 and 4000 rpm and between 400 and 600 mm/min are minimal. More clearly, Figure 3.a shows
the mean values of ADj, their values allow these composites to be kept within H7 tolerances,
according to ISO 286-2 standard [30] and they have been found in other plates of different thickness.
Avoidable cutting conditions would be identified with high cutting speeds and low feed rates.

The difference in Do (ADo) is less than ADi as expected. The best results in outlet diameter are
achieved in low feed rates, but when the FT is increased, the feed rate also can be increase until 400
mm/min. Considering ISO 286-2 standard [30], these external diameters are within H8 tolerances. In
very strict industries, fiber-reinforced polymers usually require tolerances between 0 and 30 um [1],
therefore, the results obtained are very acceptable, and all cutting conditions may be recommended
for FT=4 mm, and excluding the conditions N=6000 rpm, F=200 mm/min and N=6000 rpm, F=400
mm/min for FT=10 mm (see test 7 and 8 in Table 2).

Table 2. Experimental outcomes: average values.

Number of test Foam thickness N [rpm] F[mm/min]  Fz [N] ADi [um] ADo [um]

[mm]
1 4 2000 200 24 3 1
2 4 2000 400 23 3.3 6
3 4 2000 600 22 10 7
4 4 4000 200 20 1 1
5 4 4000 400 15 3.3 4
6 4 4000 600 49 1.6 8
7 4 6000 200 49 50 4
8 4 6000 400 42 40 13
9 4 6000 600 37 22.5 7
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10 10 2000 200 21 15 8

11 10 2000 400 24 0 2

12 10 2000 600 23 1 10

13 10 4000 200 27 1 16

14 10 4000 400 25 0 1

15 10 4000 600 38 20 20

16 10 6000 200 39 27 23

17 10 6000 400 38 10 1

18 10 6000 600 31 9

Table 2 shows values very close to zero for both diameter differences. But these results are an
average of four values (see Subsection 2.1), so some of these measurements are negative, the diameter
found is less than the nominal diameter.

30 2

" j s

ADi [pm]
o B8
"'h..‘_-_‘
’
ADo [um]
L]

/ — 4
5 — 2
0 0
2000 4000 6000 200 400 600 2000 4000 6000 200 400 600
N [rpm] F [mm/min] N [rpm] F [mm/min]
(a) (b)

Figure 3. Experimental tests: (a) Mean values of ADi for N (2000, 4000 and 6000 rpm) and F (200, 400
and 600 mm/min); (b) Mean values of ADo for N (2000, 4000 and 6000 rpm), F (200, 400 and 600
mm/min) and FT (4 and 10 mm).

3.2. Statitical Results

The section is structured in the results of the ANOVA study, the regression analysis and its
coefficient of determination, R2.

3.2.1. Thrust Forces

Table 4 shows the ANOVA where the significant factors can be identified, N> and N2xF at a
confidence level of 92% as observed in P-value (0.0755 and 0.0722 respectively). Although is a
confidence level higher than 95%, in environmental manufacturing, this confidence level can be
considered acceptable [27]. As can be seen, no main factor is significant, but the la influence of N is
clear; the contribution of N? and N2xF reaches almost 45%. These considerations are clearly shown in
Figure 3. Note that no factor related to FT has emerged as significant. In these dimensions, foamed
polyvinyl chloride has easily been machinable and the thickness of the carbon fiber sheet has allowed
the holes to be executed with very low forces.

Table 4. Analysis of Variance for Fz (mean).

Sum of Degrees of F- Contribution
Source Squares  Freedom Mean Square Ratio P-Value %)
FT 29.534 1 29.534 0.42 0.5544 1.59
N 269.837 1 269.837 3.79 0.1232 14.54
F 108.15 1 108.15 1.52 0.2850 5.83
FTxN 20.756 1 20.756 0.29 0.6177 1.12
FTxF 28.592 1 28.592 0.40 0.5605 1.54
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N2 404.634 1 404.634 5.69 0.0755 21.80
NxF 186.537 1 186.537 2.62 0.1806 10.05
F2 35.707 1 35.707 0.50 0.5177 1.92
FTxN? 31.641 1 31.641 0.44 0.5412 1.70
FTxNxF 0.008 1 0.008 0.00 0.9921 0.00
FTxF2 37.515 1 37.515 0.53 0.5078 2.02
N2xF 418.753 1 418.753 5.89 0.0722 22.56
NxF2 0.065 1 0.065 0.00 0.9773 0.00
Total residual ~ 284.417 4 71.104 15.32
Total (adj.) 1799.91 17

The regression analysis for a third-degree model defined in Eq. (1) provides how to determine
the force forecast. The coefficient of determination, R? is 84.2% that can be considered acceptable.

Fz=141.14 - 5.22xFT - 0.06xN — 0.39xF + 0.0016xFTxN + 0.19xFTxF + 0.0000085xIN2 +
0.00012xNxF + 0.00028xF2 — 2.34E7xFTxN — 4.1E-8xFT=xNxF — 0.000025xFT=F2 — 1)
1.95xNxF?,

3.2.2. Dimensional Accuracy of Holes

The inlet diameters variation, ADi, and their influencing factors can be observed in Table 5. As
significant factors can be identified a main factor N, a second-order factors N2, and five interactions,
FTxF, NxF, FTxN?, FTxNxF and N2xF, at 95% confidence level (see P-value in Table 3). The greatest
contribution was identified in N2 (32.78%), followed by N2xF (20.16%) and N (18.48%) as main
influencing factors. Note that the residual contribution is close to 1%.

ANOVA study identifies the significant factors for the outlet diameters variation, ADo, at the
95% confidence level (see Table 6). Factors with a P-value less than 0.05 are interactions between and
foam thickness and feed rate, FTxF and FTxF2. It is noteworthy that no main factor is significant, and
unlike ADi, rotation speed is not an influencing factor, probably due to the strong effect of the fiber
layer thickness. The main contribution to the variability come from FTxF2 (33.08%) and FTxF (25.67%).

Table 5. Analysis of Variance for ADi (mean).

Source Sum of Degrees of Mean F-Ratio P-Value Contribution

Squares Freedom Square (%)

FT 30.2634 1 30,2634 3.50 0.1345 1.05

N 531.795 1 531.795 61.57 0.0014 18.48

F 31.0778 1 31.0778 3.60 0.1307 1.10
FT=xN 22.8583 1 22.8583 2.65 0.1791 0.79
FTxF 107.502 1 107.502 12.45 0.0243 3.74

N2 941.601 1 941.601 109.02 0.0005 32.72
NxF 247.496 1 247.496 28.66 0.0059 8.60
F2 3.98972 1 3.98972 0.46 0.5340 0.14
FTxN2 147.825 1 147.825 17.12 0.0144 5.14
FTxNxF 140.281 1 140.281 16.24 0.0157 4.87
FTxF2 45.4501 1 45.4501 5.26 0.0835 1.58

N2xF 580.167 1 580.167 67.18 0.0012 20.16
NxF2 12.615 1 12.615 1.46 0.2934 0.44
Total residual ~ 34.5465 4 8.63663 1.20

Total (adj.) 3450.85

—
N
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Table 6. Analysis of Variance for ADo (mean).
Source Sum of Degrees of Mean F-Ratio P-Value Contribution
Squares Freedom Square (%)
FT 24.303 1 24.303 1.40 0.3021 2.92
N 42.228 1 42.228 2.43 0.1938 5.07
F 18.742 1 18.742 1.08 0.3573 2.25
FT=xN 53.912 1 53.912 3.11 0.1527 6.47
FTxF 186.362 1 186.362 10.74 0.0306 22.36
N2 49.848 1 49.848 2.87 0.1653 5.98
NxF 15.123 1 15.123 0.87 0.4034 1.81
F? 37.034 1 37.034 2.13 0.2178 4.44
FTxN2 34.516 1 34.516 1.99 0.2312 4.14
FT=xNxF 30.031 1 30.031 1.73 0.2586 3.60
FTxF> 240.25 1 240.25 13.85 0.0205 28.83
N2xF 31.510 1 31.510 1.82 0.2490 3.78
NxF2 0.167 1 0.167 0.01 0.9266 0.02
Total residual 69.399 4 17.350 8.83
Total (adj.) 726.059 17

The regression analysis provides the relationships described in Eq. (2) for ADi and in Eq. (3) for
ADo. Their coefficients of determination, R? are 98.9% and 90.5% respectively.

ADi=99.07 + 5.31xFT — 0.082xN — 0.14xF + 0.0017xFTxN — 0.04xFTxF + 1.31E->xN?2 + 0.000134xNxF + )
0.000038xF2 — 5.06E7xFTxN? + 3.5E-xFTxNxF + 2.8E-5xFTxF2 + 0.0xN2xF — 2.72E-8xNxF2 ,

ADo =-5.778 + 4.792xFT — 0.026xN + 0.223xF + 0.00262xFT=N — 0.0487xFTxF + 3.21E-*xN? + 3.68E-5xNxF —

3
3.42E-4xF? — 2 448E7xFT*xN? — 1.62E-xFTxNxF + 6.46E->xFTxF? + 3.125E-xNxF? , ®)

These results confirm the differences found in the experimental data between inlet and outlet
diameters. Very different significant factors and interactions are identified as shown in Figure 4.

Standardized Pareto Chart for ADi (mean) Standardized Pareto Chart for ADo (mean
e ————— R —
Ly ALy ]
) FIXN |
NXF | ———— NN,
FTxNXN | o — N | ———
FTxNXF | e — FxF |
FTxF | —— FTxNxN | S
FTxFxF | - NxNxFT |
F | FTxNxF |
FxT | FT | —
FTxN | - F o —
NxFxF | [ NxF |
FxF | - ______________________ Nx=FxF _ I ___________________
0 2 4 6 8 10 0 1 2 3
Standardized effect Standardized effect
(a) (b)

Figure 4. Standardized chart Pareto: (a) For ADi (mean); (b) For ADo (mean).

3.3. Optimizatized Cutting Conditions and Predictions

The optimization process provides ideal values of cutting conditions shown in Table 7. For FT
of 4 mm, Fz is 16.6 N, ADi and ADo is 0 pm. For FT of 10 mm, Fz take a value of 19.3 N, ADi and ADo
is 0 um. Experimental tests could corroborate these outcomes.

Table 7. Optimal values of cutting conditions.

Foam Thickness (FT) [mm]
Factors 4 10
Fz ADi ADo Fz ADi ADo
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Rotation Speed (N) [rpm] 3164 2268 2611 3225 2500 2100
Feed Rate (F) [mm/min] 258 207 202 200 203 323

Moreover, to validate the models, predictions provide the results shown in Figure 5. As can be
seen, the outcomes are acceptable for FT=4 mm and FT=10 mm. In particular, in Figure 5.b, the
phenomenon of outlet diameter contraction is observed in the predictions obtained (see test 4 and

test 11).
50 50
45
40
40
35 5 30
30 a
= <]
£ 55 =20
& 20 g-
= ap
15 8
10 0 ‘ S
5 123456 7 8 9101112131415
-10
0 Test
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Test == ADo [um] ==A+ ADo_p [pm]
—4=Fz [N] =X- Fz_p|[N] —#—ADi [um] =4 ADi_p [um]
(a) (b)

Figure 5. Comparison between experimental and predictive results: (a) For Fz; (b) For ADi and ADo.

4. Discussion

The different significant factors found in the inlet and outlet diameters are common in other
materials, such as fiberglass reinforced composites [1]. Also in these cases, N was not significant in
the exit diameters. Once known the coefficient of determination, the predictive models for all
variables thrust forces and diameters can be considered acceptable. In addition, the models can show
the contraction achieved at some outlet diameters. Core thickness was significant for diameters (as
interactions), but not for forces probably because foamed polyvinyl chloride is an easy-to-machined
material.

Regarding the difference in diameters, the result within tolerances is the most relevant. A
possible explanation is a slight contraction that can be produced in the hole, particularly at exit hole
because the frictional force is increased; this phenomenon has been identify in reinforced polymers
such as GFRP [31] or in CFRP [29]. Inlet diameters can be observed in Figure 6, where diameters with
greater (Figures 6.a and 6.b) and lesser (Figures 6.c and 6.d) deviations are shown. The differences
are very small and the fibers inside are due to the foamed polyvinyl chloride so they do not hinder
possible riveting.
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Figure 6. Inlet diameters with maximum and minimum differences regarding
the nominal diameter: (a) Test 4; (b) Test 6; (c) Test 7; (d) Test 8.

5. Conclusions

This work has developed a study regarding the cryogenic machining in a sandwich material
with carbon fiber and core of foamed polyvinyl chloride. The outcomes are of interest because these
materials can be used in ships sailing in very cold waters. In the cutting conditions selected, inlets
and outlets diameters have researched very low deviations, meeting strict tolerances. This allows
avoiding pre-assembly additional operations, and it can be important in maintenance operations.

A contraction has occurred in the outlet diameters regarding the inlet diameters, in laminates of
both core thicknesses. This phenomenon is identified by the predictive model developed fir outlet
diameters. This model and those developed for inlet diameters and thrust forces have a high
coefficient of determination and provide adequate predictions.
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