
Citation: Domingo, R.;

de Agustina, B.; Ayllón, J. Study of

Drilled Holes after a Cryogenic

Machining in Glass Fiber-Reinforced

Composites. Appl. Sci. 2022, 12,

10275. https://doi.org/10.3390/

app122010275

Academic Editor: Richard

(Chunhui) Yang

Received: 7 August 2022

Accepted: 10 October 2022

Published: 12 October 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Study of Drilled Holes after a Cryogenic Machining in Glass
Fiber-Reinforced Composites
Rosario Domingo * , Beatriz de Agustina and Jorge Ayllón

Department of Construction and Manufacturing Engineering, Universidad Nacional de Educación a
Distancia (UNED), 28040 Madrid, Spain
* Correspondence: rdomingo@ind.uned.es

Abstract: Glass fiber-reinforced composites are widely used in industry, with machining operations
frequently performed, drilling, in particular, for later assembly. Although there is a smaller increase
in temperature during drilling in composites than in metals, further cooling of the tool can produce
improvements in some variables, such as thrust force, diameter, or surface roughness. This has
been seen in studies where lower temperatures were achieved by cooling compressed air, reaching
around −20 ◦C in plates of polyether-ether-ketone and polyamide, reinforced with glass fiber at
30% (PEEK-GF30 and PA-GF30, respectively). This paper analyzes the results of cryogenic drilling
in plates of PEEK-GF30 and PA-GF30, specifically assessing thrust forces, diameter, and average
surface roughness. The experimental methodology was carried out by monitoring thrust forces
during cryogenic drilling using a piezoelectric dynamometer, measuring diameters with a coordinate
measurement machine, and assessing surface quality with a roughness profilometer. During the
cutting, the temperature of the cutting tool achieved a temperature near −120 ◦C from cooling
with liquid nitrogen. Conducting an analytical and statistical study allowed us to determine the
relationships between the measured variables and cutting conditions. Our results showed that cooling
the tool during the drilling processes improved results of the cutting process.

Keywords: cryogenic machining; drilling; PEEK-GF30; PA66-GF30; thrust force;
circularity; surface roughness

1. Introduction

Glass fiber-reinforced composites have been widely used in industry for a long time,
so their behavior under different situations are continued to be studied. Polymeric com-
pounds, such as polyether-ether-ketone and polyamide, reinforced with 30% glass fibers
(PEEK-GF30 and PA66-GF30, respectively), are two such composites, both used in the
aeronautical and automotive industries. Glass fiber-reinforced plastic usually presents
good machinability, although the performance of certain operations must be individually
analyzed, due to the influence of multiple factors [1].

The drilling process is frequently performed as the previous operation to parts as-
sembly. For this reason, the literature shows studies related to surface quality, finding
that roughness after drilling in PEEK-GF30 is dependent on the relationship between the
rotational speed of the drill and feed rate [2], and in PA66-GF30, employing a low feed
rate [3,4] with lower values of spindle speed results in minimum surface roughness [4] or
minimum circularity [5] in the range considered. Vigneshwaran et al. [6], in their literature
review, found that the rate of spindle speed, feed rate, and drill geometry were the most
influential parameters on drilling fiber-reinforced polymers.

The search for better results using different variables has led to testing in colder
environments during cutting, such as those obtained by cooling compressed air using
a Ranque–Hilsch vortex tube or cryogenic cooling using liquid nitrogen (LN2) or liquid
carbon dioxide (CO2). Temperatures down to −40 ◦C can be reached by cooling com-
pressed air. In tapping operations, forces can decrease for a particular tool in PA66-GF30
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at temperatures near −20 ◦C [7]. In drilling operations of PEEK-GF30, thrust forces can
also decrease at temperatures close to −20 ◦C and oversized holes can be avoided [8]. In a
review on the cooling process using compressed cold air by vortex tube in machining, it
was concluded that improvements in surface quality and tool life were also achieved [9].

On the other hand, cryogenic machining is another method of cooling that is consid-
ered, first, because this avoid using refrigerants in the cutting process of alloys; thus, this
process is considered sustainable and safe, without health risks [10]. Pimevov et al. [11],
in their literature review, found that the cryogenic LN2-assisted machining process was
economically sustainable, but proximity between LN2 production and the machining work-
shop would be convenient to reduce the carbon footprint generated by its transport. In
general, cryogenic cooling improves machinability, reducing the cutting temperature [12]
to temperatures that can reach below −100 ◦C. Benefits have also been found in terms of
improved machinability under high performance conditions, albeit in metals, particularly
in 42CrMo4 steel [13]. Besides the improvements in machinability of composites, cutting
forces and tool life have been shown to improve in Kevlar fiber composites [14]. In addition,
the cutting forces [15] or surface roughness [16] can be reduced compared with dry milling
in carbon fiber composites; in general, the mechanical proprieties in these composites
are lower after cryogenic drilling than after a conventional drilling, although this is not
due to damage [17]; variables such as surface quality or tool wear are better in cryogenic
drilling than in dry drilling, particularly with 4 mm diameter drill bits [18]. In carbon
fiber-reinforced polymers, factors such as the resin used can affect the results, with epoxy
showing good results for the hole diameter [19]. With these fibers, a lower delamination
factor and higher thrust forces have been found in cryogenic drilling, compared with dry
drilling [20]. However, lower thrust forces have also been reported, but with better surface
quality and lower specific cutting energy consumption [21].

In fiberglass-reinforced composites, such as an S2 glass fiber with epoxy matrix,
cryogenic drilling, with 6 mm diameter bits, achieves diameter deviations greater than
the tolerances between ±20 and ±40 µm that exceeds recommendations in aeronautical
structures for hole size [22].

An increasing interest in cryogenic machining of polymer matrix composites has been
observed, and some advantages have been found for drilling, regardless of the material
being used; however, the results depend on cutting conditions and tools. Thus, the main
goal of this paper was to contribute to this field of research, using glass fiber-reinforced
composites and high performance conditions, aspects that are not yet found in the academic
literature. Therefore, our objectives were focused on the feasibility of cryogenic drilling
in composites, such as PEEK-GF30 and PA66-GF30, through the analysis of thrust forces,
surface roughness, and diameter of the hole in high performance conditions for cutting.
These three variables were chosen because thrust forces are responsible for process stability,
and variations in roughness and diameter can reduce the need for additional finishing
operations before assembly.

2. Materials and Methods

This section is devoted to the experimental setup and statistical methodology.

2.1. Experimental Setup

Two composites, manufactured by Ensinger (Ensinger, Nufringen, Germany), were
evaluated. PEEK-GF30 plates were made by a VictrexTM (Victrex, Thornton, UK) polyether-
ether-ketone polymer and 30% E-glass fiber, and produced by extrusion and machined;
it is a high purity material with values of total mass loss, collected volatile condensable
material, and regained water vapor close to 0.2, 0, and 0.08%, respectively. PA66-GF30 with
30% of E-glass fiber was also manufactured by extrusion and machined; it had 2.4% total
mass loss, 0% collected volatile condensable material, and 0.26% of water vapor regained.
All these data were provided by the supplier. PEEK-GF30 and PA66-GF30 composite
plates (see main proprieties in Table 1) that had a thickness of 6.5 mm were drilled in a
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Manga Tongtai TMV-510 (Tong-tai Machine and Tool Co., Ltd., Kaohsiung Hsien, Taiwan)
machining center, using a 6 mm diameter drill bit provided by FMT Tooling Systems
(FMT Tooling Systems Company, Trofa, Portugal), specifically designed for composites and
high feed rates. The main characteristics of the drill bit can be observed in Table 2. This
type of drill bit is considered adequate to achieve low roughness in drilling composites [23].

Table 1. Main proprieties of PEEK-GF30 and PA66-GF30 composites.

Proprieties PEEK-GF30 PA66-GF30

Density (kg/m3) 1490 1350
Rockwell hardness M 103 75
Tensile strength (MPa) 157 93.1
Tensile modulus (GPa) 9.6995 4.65

Flexural modulus (GPa) 10.309 4.48
Compressive strength (MPa) 215 124

Melting temperature (◦C) 343 260

Table 2. Main features of the drill bit.

Tip Material Total Length of the Bit Helix Length Point Angle Helix Angle Tip Tolerance

Polycrystalline
Diamond (PCD) 93 mm 57 mm 120◦ 30◦ m7

The cutting conditions were 5000, 6000, and 7000 rpm for the drill rotation speed (N)
and 0.5, 0.75, and 1 mm/rev for its feed rate (f). These cutting conditions were selected
because they had been previously used for these composites in dry drilling and drilling by
cooling compressed air with good outcomes.

The tests were performed in a cryogenic environment impacting liquid nitrogen
directly on the tool through a nozzle with a 2 mm diameter outlet; the liquid nitrogen
provided by AirLiquid in refillable cylindrical tanks of 158 L, reached −128 ◦C and 0.2 MPa
pressure. The academic literature uses the term cryogenic to refer to temperatures below
0 ◦C [10]. The temperature was controlled by an infrared pyrometer, Optris (Optris Infrared
Sensing, Portsmouth, NH, USA). Thrust forces developed during the drilling process were
measured using a Kistler 9257B piezoelectric dynamometer connected to a Kistler 5070A
multichannel amplifier (Kistler Group, Winterthur, Switzerland). Figure 1 shows a scheme
of experimental setup.

The superficial quality was measured in roughness using a Mitutoyo SJ-400 surface
roughness tester and variations in input diameter by a coordinate measuring machine,
Mitutoyo BX 303 (Mitutoyo Corp., Kawasaki-shi, Japan). The diameters were measured
using the least squares method and according to ISO 4291 standard [24]. The difference
between the nominal value and the average of the eight measured values, taken along the
circumference of each hole, was established as the variation under study; therefore, this
deviation was a circularity error.

2.2. Statistical Procedure

Experimental results were statistically processed. A 3 × 2 design of experiments (DoE)
was performed, with two factors (N and f) at three levels and three variables (thrust force
Fz, average roughness Ra, and diameter variation ∆D). Cutting conditions were selected to
determine their influence on variables that defined process stability and hole quality. Three
levels were considered sufficient to be able to later validate results within that range.
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Figure 1. Scheme of experimental setup.

In this data arrangement, response surface methodology (RSM) was applied. With it,
an analysis of variance (ANOVA) for each variable was expressed by a standardized Pareto
chart, where the dimensionless standardized effects or factors, significant or not, could be
identified at a 95 or 90% confidence interval [25]. Although a 95% confidence interval is
commonly used in statistics, a 90% interval can be acceptable in production environments,
where variability can be high [8,25]. A second-order model was used to determine the
influence of each factor and their interactions, generated by RSM, as shown in Equation (1),

X = β0 +
k

∑
i=1

βixi +
k

∑
i=1

βiix2
i + ∑ ∑

i<j
βijxixj (1)

where X is the response or dependent variable (i.e., thrust force, average roughness, and di-
ameter deviation), β0 is a constant, βi, βii, and βij are the coefficients of the linear, quadratic,
and interaction terms, and xi are input parameters (drill rotation speed and feed rate).

When the coefficient of determination, R2, was not considered high enough, the study
of the variable was completed with the analysis of means according to Tukey’s honestly
significant difference (Tukey HSD) test; this test finds means that are significantly different
from each other [26]. Moreover, RSM identified values for the speed of rotation and feed
rate that optimized the values of the variables. The optimization was carried out with the
objective of minimizing the thrust force and average roughness and keeping the diameter
deviation value at 0.

To validate the predicted results, RSM was allowed to generate a path of steepest
ascent or descent with new cutting conditions. This path was automatically generated,
with the criterion of selecting a region where the estimated response changed the most
rapidly with the smallest change in experimental factors. The analysis was conducted using
Statgraphics Plus 5.0 software (Statgraphics Technologies, Inc., The Plains, VA, USA) [27].

3. Results

This section presents experimental results and statistical analysis.
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3.1. Experimental Results in Cryogenic Environments

Experimental results can be seen in Table 3. Thrust forces were higher in PEEK-G30
than in PA66-GF30, as was expected through the higher mechanical proprieties of both
materials in hardness, density, inter alia (see Table 1). As the same fiber was used, this
increase was likely due to the PEEK polymeric matrix. These forces increased with rotation
speed and feed rate, in the considered range. In PEEK-GF30, thrust forces were higher than
those achieved at room temperature or −20 ◦C, as seen in Domingo et al. [8].

Table 3. Experimental results for PEEK-GF30 and PA66-GF30 with respect to thrust forces, average
roughness, and diameter deviation.

PEEK-GF30 PA66-GF30

Test Number N [rpm] f [mm/rev] Fz [N] Ra [µm] ∆D [mm] Fz [N] Ra [µm] ∆D [mm]

1 5000 0.5 49 0.86 0.0163 45 1.05 0.0134
2 5000 0.5 48 0.82 0.0028 48 1.08 0.0142
3 5000 0.5 53 1.06 0.0127 39 1.03 0.0075
4 5000 0.75 83 1.43 0.0385 70 1.13 0.0036
5 5000 0.75 73 0.86 0.0003 65 1.08 0.0083
6 5000 0.75 78 0.89 0.0098 63 0.86 0.0047
7 5000 1 119 1.14 0.0008 101 0.99 0.0166
8 5000 1 116 1.11 0.0082 107 1.16 0.0056
9 5000 1 123 1.15 0.0023 110 1.28 0.0057

10 6000 0.5 75 0.67 0.0082 73 0.95 0.0002
11 6000 0.5 83 0.72 0.0005 72 0.9 0.0029
12 6000 0.5 91 0.74 0.0078 77 1.06 0.0005
13 6000 0.75 128 1.37 0.0095 105 1.05 0.0014
14 6000 0.75 120 0.98 0.0625 119 1.19 0.0006
15 6000 0.75 126 1.07 0.0075 112 1.15 0.0018
16 6000 1 187 1.5 0.0041 171 1.02 0.0049
17 6000 1 190 1.6 0.0025 155 0.98 0.0078
18 6000 1 187 1.53 0.0033 169 1.37 0.0027
19 7000 0.5 130 0.94 0.0042 108 1.14 0.0006
20 7000 0.5 128 0.7 0.0047 107 1.09 0.0034
21 7000 0.5 129 0.79 0.0048 101 1.08 0.0012
22 7000 0.75 161 0.73 0.0064 157 1.1 0.0042
23 7000 0.75 171 0.83 0.0004 166 1.22 0.0246
24 7000 0.75 181 1.06 0.0063 151 1.02 0.0102
25 7000 1 274 1.21 0.0113 207 1.23 0.0010
26 7000 1 248 1.19 0.0057 203 1.17 0.0204
27 7000 1 240 1.1 0.0002 211 1.21 0.0040

With respect to average roughness and diameter deviation, they were also higher in
PEEK-GF30 than in the reinforced polyamide. Roughness reached the maximum value
at 6000 rpm and 1 mm/rev in the two materials, with a value of 1.6 in PEEK-GF30 and
1.37 in PA66-GF30. Diameter deviation was really low in both materials; all measurements
were less than 40 µm in PA66-GF30 and PEEK-GF30, except one measurement of 62.5 µm
at 6000 rpm and 0.75 mm/rev in the latter material. Note that 40 µm is the maximum
deviation recommended for aeronautical structures [22], which is very strict for obvious
safety reasons.

3.2. Statistical Results in Cryogenic Environments

The experimental data averages for the ANOVA were calculated and considered in
these analyses, as is usual in the literature, for example [5,8]; the degrees of freedom in
Tables 4–7 verify this point.



Appl. Sci. 2022, 12, 10275 6 of 12

Table 4. Analysis of variance for Fz_PEEK-GF30.

Source Sum of Squares Df Mean Square F-Ratio p-Value Contribution (%)

f 14,933.4 1 14,933.4 511.41 0.0002 46.97
N 15,674.1 1 15,674.1 536.77 0.0002 49.30
f2 320.89 1 320.89 10.99 0.0452 1.01

f × N 774.69 1 774.69 26.53 0.0142 2.44
N2 5.56 1 5.56 0.19 0.6922 0.017

Total residual 87.6 3 29.2 0.27
Total 31,793.2 8

Table 5. Analysis of variance for Fz_PA66-GF30.

Source Sum of Squares Df Mean Square F-Ratio p-Value Contribution (%)

f 10,809.2 1 10,809.2 438.52 0.0002 48.87
N 10,780.9 1 10,780.9 437.37 0.0002 48.74
f2 47.8 1 47.8 1.94 0.2580 0.22

f × N 393.36 1 393.36 15.96 0.0281 1.78
N2 13.63 1 13.63 0.55 0.5110 0.062

Total residual 73.95 3 24.65 0.33
Total 22,118.8 8

Table 6. Analysis of variance for Ra_PEEK-GF30.

Source Sum of Squares Df Mean Square F-Ratio p-Value Contribution (%)

f 0.3313 1 0.3313 9.21 0.0561 67.05
N 0.011 1 0.011 0.31 0.6191 2.23
f2 0.00094 1 0.00094 0.03 0.8819 0.19

f × N 0.00467 1 0.00467 0.13 0.7425 0.94
N2 0.0382 1 0.0382 1.06 0.3782 7.73

Total residual 0.1079 3 0.036 21.84
Total 0.4941 8

Table 7. Analysis of variance for Ra_PA66-GF30.

Source Sum of Squares Df Mean Square F-Ratio p-Value Contribution (%)

f 0.01964 1 0.01964 5.69 0.0971 50.37
N 0.0067 1 0.0067 1.93 0.2588 17.18
f2 0.00022 1 0.00022 0.06 0.8159 0.56

f × N 0.000025 1 0.000025 0.01 0.9371 0.06
N2 0.0021 1 0.0021 0.60 0.4945 5.39

Total residual 0.0103 3 0.0034 26.42
Total 0.03899 8

3.2.1. Thrust Forces

The results of an analysis of variance for the data shown in Table 3, allows us to
observe the detailed statistical results (Tables 4 and 5) and standardized Pareto charts
(see Figure 2a,b). The results were similar in both materials, and this was expected due to
their similar mechanical properties (see Table 1). The cutting conditions were statistically
significant at a 95% confidence level, and had a very high percentage of contribution to
the results (46.97% for f and 49.30% for N in PEEK-GF30 and 48.87% for f and 48.74% for
N in PA66-GF30). Besides f2 and f × N are significant for reinforced PEEK and f × N for
reinforced PA66. These results could be expected due to the similar mechanical proprieties
of these composites. Note that the percentage of contribution assigned to total residual was
very low (0.27 and 0.33%).
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From a theoretical point of view, the corresponding increase in forces with feed rate is
expected. However, some studies have found that these forces can be reduced by increasing
the rotational speed of the drill bit, but in lower ranges [4], because they begin increasing
again from 5000 rpm in reinforced polyamides [5]; in reinforced PEEK, extreme cooling
causes forces to increase [8]. Thus, for thrust forces and PEEK-GF30, the optimal values
were 50.7 N for N = 5000 rpm and f = 0.5 mm/rev. In PA66-GF30, the optimal force was
41.1 N for the same cutting conditions. Note that in each case, the minimum was reached
for high cutting conditions.
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3.2.2. Average Surface Roughness

Tables 6 and 7 show ANOVA results for average roughness. Feed rate was the only
significant factor in roughness for the two materials, at a 90% confidence level (see p-value
in Tables 6 and 7 and standardized Pareto chart in Figure 4a,b).
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Their percentage contributions were 67.05% in PEEK-GF30 and 50.37% in PA66-GF30.
The friction appeared to be increase with f. The relationship between the parameters and
roughness are shown in Equations (4) and (5), and are considered acceptable because
R2 was superior to 70% (78.16 and 73.5%). Note that the contribution of residuals was
21.84 and 26.42% for reinforced PEEK and reinforced PA66, respectively. As they are high
percentages and could be caused by third order interactions beyond the machining process,
it is important to validate the results.

Figure 5a,b represent the estimated response surfaces.

Ra_PEEK-GF30 = −3.502 − 0.0015 × N − 0.4 × f + 0.347 × f2 + 0.000137 × N × f − 1.38 × 10−7 × N2 (4)

Ra_PA66-GF30 = 1.996 − 0.00037 × N − 0.084 × f + 0.17 × f2 + 0.00001 × N × f + 3.22 × 10−8 × N2 (5)
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The optimal value for roughness in PEEK-GF30, 0.6881µm, was obtained for N = 7000 rpm
and f = 0.5 mm/rev. With respect to PA66-GF30, the optimal roughness was 1.0134 µm for the
same feed rate and 5522 rpm.



Appl. Sci. 2022, 12, 10275 9 of 12

3.2.3. Diameter Variation

The standardized Pareto charts show that there were no significant factors at a 90%
confidence level (see Figure 6a,b). Moreover, data from R2 showed a low value (63.7 and
62.15%, respectively). Due to the values of R2 and the absence of significant factors, the
second order model was omitted. For these reasons, an analysis of means was carried out
according to Tukey’s HSD test. For PEEK-GF30, the test by feed rate indicated that the pairs
of means showed statistically significant differences at a 95% confidence level; the contrast
between 0.5–0.75, 0.5–1, and 0.75–1 showed differences of −0.2133, −0.47, and −0.2567,
respectively. On the other hand, the test by N showed the differences of −0.0956, 0.0856,
and 0.1811 for the pairs of means 5000–6000, 5000–7000, and 6000–7000, respectively, which
were all statistically significant.
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For the PA66-GF30 composite, the differences between the pairs were statistically
significant at a 95% confidence interval, according to Tukey’s HSD test, and with values
of −0.0467 (pair 0.5–0.75), −0.1144 (pair 0.5–1), and −0.0678 (pair 0.75–1) for f, and with
values of −0.0011 (pair 5000–6000), −0.0667 (pair 5000–7000), and −0.0656 (pair 6000–7000)
for N. Although a specific model for ∆D prediction has not been found, ∆D values met
high tolerance requirements after cryogenic drilling and within the considered range.

The results of interaction between N and f in diameter deviation is shown in Figure 7a–d.
The optimal diameter variation in PEEK-GF30, 0.0055 mm, was obtained for N = 6000 rpm

and f = 0.5 mm/rev. With respect to PA66-GF30, the optimal value, 0.0004 mm, was also found
for N = 6000 rpm and f = 0.5 mm/rev. These predictions indicated that values of N close to
6000 rpm were the most suitable to achieve a lower deviation at a feed rate of 0.5.

3.2.4. Optimization

As seen in the PEEK-GF30 and PA66-GF30 composites, the same feed rate was required
to obtain the optimum value for thrust force, surface roughness, and diameter variation.
This feed rate (0.5 mm/rev) was very high compared with others used in the academic
literature or recommended by manufacturers; this suggested that cryogenic machining
facilitates a high production rate in drilling.

Respect to rotation speed, in reinforced PEEK, each variable requires different values
of N, so a multiple response would only give a sub-optimization. In reinforced polyamide,
an N value between 5000 and 6000 rpm provides a good results for the three variables.
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3.3. Validation of Results

The validation of results for thrust forces and average roughness was carried out by
selecting cutting conditions and results using the path of steepest ascent or descent, and
comparing predicted values from Equations (2)–(5) with new experimental results. The
experimental data represents the average of three measurements. The values obtained are
shown in Tables 8 and 9.

Table 8. Validation of results for thrust forces, Fz.

PEEK-GF30 PA66-GF30

N [rpm] f [mm/rev] Predicted [N] Experimental [N] Predicted [N] Experimental [N]

6000 0.75 123.4 124.7 113.7 112.0
6200 0.80 144.6 139.6 131.0 126.8
6400 0.85 167.2 170.2 148.6 150.3
6600 0.90 191.3 186.5 166.7 163.9
6800 0.95 217.0 224.7 185.4 188.8

As shown in Table 8, the minimum and maximum differences between the predicted
and experimental data ranged from 1.3 to 7.7 N, in absolute values, for PEEK-GF30 and
from 1.7 to 4.2 N for PA66-GF30. Similar data can be found in Gaitonde et al. [5] in the
dry drilling of PA66–GA66. These values are negligible from a technological perspective.
Consequently, the fittings could be considered adequate.
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Table 9. Validation of results for average roughness, Ra.

PEEK-GF30 PA66-GF30

N [rpm] f [mm/rev] Predicted
[µm]

Experimental
[µm] N [rpm] f [mm/rev] Predicted

[µm]
Experimental

[µm]

6000 0.75 1.12 1.14 6000 0.75 1.07 1.13
6200 0.60 0.97 1.11 6200 0.80 1.09 1.14
6400 0.53 0.87 1.01 6400 0.90 1.12 1.14
6600 0.48 0.79 0.85 6600 0.95 1.15 1.15
6800 0.44 0.70 0.71 6800 1.00 1.18 1.15

For average roughness, different cutting conditions were automatically selected for
each composite. In reinforced PEEK, the paths were ascending for N and descending
for f, whereas, for reinforced PA66, both N and f followed ascending paths (see Table 9).
This was expected because the behavior of the estimated response in regions greater than
6000 rpm was very different (see Figure 5a,b). The observed differences, in absolute values,
between the predicted and experimental roughness ranged from 0.01 to 0.14 for PEEK-GF30
and from 0 to 0.06 for PA66-GF30. These results were consistent with others found in the
literature [3].

4. Conclusions

This paper analyzed the results of cryogenic drilling in plates of PEEK-GF30 and
PA-GF30, specifically assessing thrust forces, diameter variation with respect to nominal or
circularity error, and average surface roughness, carried out at −128 ◦C. The experimental
data were statistically analyzed, using RSM for thrust forces and roughness analysis of
means for diameter, due to a low coefficient of determination.

A second-order model was identified for thrust forces in both composites, with a great
influence of N and f on the results, but also an f2 and f × N interaction in PEEK-GF30 and
the same interaction in PA66-GF30, significant factors at the 95% confidence level. Another
second-order model was developed for average roughness, with the influence of feed rate
on the results, which was the only significant factor at the 90% confidence level.

The low coefficient of determination did not recommend the use of a specific model
for ∆D, but an analysis of means by the Tukey test provided adequate values of N and f to
get a low ∆D. Although a model could not be identified, the experimental results complied
with strict restrictions, and cryogenic drilling was highly recommended.

The results show that the cooling of the tool during drilling processes can improve the
results of cutting condition variables because the use of a PCD drill bit is very suitable for
this method. For future works, other types of drills should be investigated for this method.
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