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Abstract 

 This experiment was started to figure how the precision machining of polymer 

matrix composites differ from metals such as aluminum and steel. Polymer matrix 

composites are highly used in powered vehicles for their strength and light weight 

properties, but they are typically not machined to their final product how metals are. 

Polymer matrix composites are typically manufactured near their final shape, with some 

trimming involved to complete its shape. This research machined carbon fiber 

manufactured through a wet layup and through resin infusion, as well as aluminum and 

steel to compare their machineability and their surface finish. These materials were 

machined using a CNC mill, while comparing the properties of machineability and 

surface finish when using three different endmills: a AlTiN, a DLC, and a Diamond 

coated endmill. The three endmills demonstrated different positives and negatives of 

machining with the different materials. First, the best endmill to machine polymer matrix 

composites is a diamond coated endmill because it provides the best surface finish on 

composite materials, and it takes the least amount of effort to machine the material. 

Second, it is best to machine polymer matrix composite materials that have been 

manufactured through wet layups over materials made through resin infusion since there 

is less delamination through these layups. Third, while machining polymer matrix 

composites the best direction to machine the material with the least amount of 

delamination is in the same direction that the fiber is placed. Lastly, the research 

determined that there is not a significant difference between machining aluminum and 

polymer matrix composites, except that the composites experience delamination from 

machining with some endmills.
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Introduction 

 Polymer matrix composites have been around since the 1930s and have been used 

in a variety of projects from marine to automotive to aerospace. Fiber reinforced 

polymers (FRPs) are commonly used because of their high strength to weight ratio; very 

high strength with very low weight. The high strength to weight ratio provides a great 

product with multiple areas of applications. Such applications can be found in race 

vehicles and airplanes, light weight is necessary to achieve high speeds and acceleration. 

Some applications require the precision of the material, which may only be achieved if 

the material is machined. However, it has been an issue to precisely machine fiber 

reinforced polymers how metals are machined. This is due to the chip formation being so 

different between metals and FRPs; a plastic deformation occurs while machining metals, 

while a compression shearing occurs while machining fiber reinforced polymers. Another 

issue of machining fiber reinforced polymers are the cutting tools, the tool must have 

hardness and toughness to overcome the fibers’ cutting forces. The most common cutting 

tool in industries to cut polymer matrix composites are diamond coated tools. Diamond 

coated tools are one of the top-rated cutting tools available today because they provide 

the best surface finish on every material, including metals and polymer matrix 

composites. For this reason, diamond coated tools are also expensive, which reduces their 

availability to many consumers. 

 Polymer matrix composites are typically close to their finished shape when made 

using a mold, but they do require some final operations such as trimming and drilling to 

complete the desired product. Depending on the product being made, some fiber 
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reinforced polymers require more finishing operations than others; these extra operations 

can create machining mistakes and ruin the product. Such machining mistakes and 

failures can happen just by using an inappropriate cutting tool for the job. Delamination 

is a type of failure that fractures a material into layers and it’s very crucial because it 

reduces the strength of the composite laminate and can occur while machining without 

being noticed right away. Other machining failures that can occur while machining FRPs 

are uncut fibers, pulled fibers and burnt resin. Some machining failures could be visible, 

while others may not be such as delamination and fibers being pulled. The visible 

machining errors such as uncut fibers and burnt resin can demonstrate whether the correct 

cutting tool is being used. In the end, all these machining failures can reduce the final 

product’s surface finish and strength which are necessary to be as best as possible when 

the product is finished. To overcome all these difficulties this research compared the 

machinability and surface finish of metals and polymer matrix composites. This research 

also compared different cutting tools to find which cutting tool is the best for cutting 

polymer matrix composites and provided the best surface finish. This research lastly 

compared the machineability of different fiber orientations while machining.  

Methodology 

Material information 

 To get precision machining on polymer matrix composites, a good cutting tool 

will be required. On a 3 axis CNC mill, surface roughness and dimensional precision was 

tested by using three different endmills. The three endmills used are ¼” square endmills 

of three different coatings, Aluminum Titanium Nitride (AlTiN) coated, Diamondlike 

Carbon (DLC) coated, and Diamond coated. These three coatings were chosen because 
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they are commonly used to machine metals and polymer matrix composites. The AlTiN 

coated endmill provides a smooth finish, it’s excellent for shearing and chip removal in 

stainless steel and titanium [1]. The DLC and diamond coated endmills are both for 

machining abrasive material, such as carbon fiber, fiberglass, and graphite [2]. However, 

DLC coated endmills are cheaper than diamond coated endmills and are used for short 

operations. Diamond coated endmills are used for long production operations, they can 

run twice as fast as other carbide endmills and last up to 30 times longer [3]. The three 

endmills were used to machine the same operation and compare each of their finishes 

based on surface roughness and dimensional precision.  

 

Figure 1. Image of the three endmills. 

 Each tool did the same operation on different materials, which included carbon 

fiber (CFRP), aluminum, and steel. Carbon fiber was selected for this research because 

carbon fiber has high strength and is highly used in all industries. As for aluminum and 

steel, they were both chosen to compare the carbon fiber machineability and precision to 

AlTiN Endmill 

DLC Endmill 

Diamond Endmill 
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two widely use materials in many industries. Comparing aluminum and steel to carbon 

fiber lets manufacturers and researchers understand the material of carbon fiber since 

there is so much information about metals already known. To completely compare these 

materials, the CNC tested the resistance load that each polymer matrix composite and 

metal is providing while being machined. See the table below for materials and endmills 

matrix. 

Table 1. The combinations of all the test pieces with their endmills combination. 

Test Piece Material Endmill Used 

1 Wet Layup AlTiN 

2 Wet Layup DLC 

3 Wet Layup Diamond 

4 Infusion AlTiN 

5 Infusion DLC 

6 Infusion Diamond 

7 Aluminum AlTiN 

8 Aluminum DLC 

9 Aluminum Diamond 

10 Steel AlTiN 

11 Steel DLC 

12 Steel Diamond 

 

 The carbon fiber test pieces were all hand made at Minnesota State University, 

Mankato. The carbon fiber used for this experiment was 6k carbon fiber fabric because 

it’s the material that was available at the school’s lab, and it’s also the carbon fiber grade 

that is typically used for constructive components on aircrafts. 6k stands for the number 

of filaments or single strand of carbon fiber in each tow, in other words there are 6000 

filaments in each untwisted bundle of filaments. There are other carbon fiber tow sizes 
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such as 1k, 3k, 12k, they all weight different and will have different strength properties 

[4]. The resin used for this experiment was Orca 555 vinyl ester from Express 

Composites, Inc. This resin was used because it’s one of the most common resin used for 

resin infusion, and it combines the chemical properties of poly ester and epoxy resin. This 

resin has high static and dynamic load that is great for use in marine applications, 

flooring, tanks, and more [5, 6]. 

Test Piece Manufacturing 

 Six test pieces were made, three were made by a wet vacuum layup and three 

were made by resin infusion. A wet vacuum layup lets us to individually wet out each 

layer of carbon fiber with resin, so that every layer can have resin placed on both sides of 

the fiber. A wet layup can be done without being sucked and flatten by vacuum, but by 

doing so the layup can end up with air gaps between the layers and can be extra thick. By 

vacuuming the wet layup after it has been wet out with resin the layup removes excessive 

resin, flattens the part layup as much as possible, and it removes any air gaps in between 

the layers of carbon. As for resin infusion, it’s a process that is slightly more complicated 

if done incorrectly, a bad layup will be achieved. Resin infusion is done to fill the carbon 

fiber with resin after it’s already under vacuum, this way only the necessary amount of 

resin is mixed with the carbon. The vacuum bag over the carbon fiber has 2 tubes: an 

inlet tube and an outlet tube for the resin. The resin enters through the inlet tube, passes 

through the carbon, and then exits through the outlet tube. This process does require to 

have a perfect vacuum in order to prevent any air to be in the layup; this is a process that 

when done correctly there are 0 air gaps or air bubbles in any placement of the carbon. 
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Figure 2. Front (left) and back (right) of the carbon fiber layups. 

 Each test piece consists of 10 plies of 6k carbon fiber fabric facing the twill the 

same direction, with vinyl ester resin using 2% of Methyl ethyl ketone peroxide (MEKP). 

Each ply of dry carbon fiber was first cut to make a square of 6” x 6”, every dry ply of 

carbon fiber weighed 0.016lbs. A good mix of carbon to resin ratio is 60% carbon to 40% 

resin by weight or by volume, this was the mixture ratio that was kept on all 6 test pieces. 

0.016 x 10 = 0.160lbs for 10 layers of carbon fiber, then 0.16 / 0.6 = 0.266lbs is the total 

weigh with the resin. The weight of the resin would then be: 0.266 x 0.4 = 0.106lbs of 

vinyl ester. Since, these are small amounts of resin being measured, the resin was placed 

in a volumetric measuring cup while on a scale. Once 0.106lbs of resin was in the cup, 

the volumetric measuring system was used, which demonstrated that 0.106lbs of vinyl 

ester is 125mL. The measuring system was primarily changed, because the 2% of MEKP 

required to mix with the resin is 0.00213lbs, which the scale could not measure. Syringes 

were used to measure the volumetric ratio; the syringes could read up to 5mL which was 

all that was necessary because 2% of 125mL is 2.5mL. 

Wet Layup Test Pieces 

Resin Infused Test Pieces 
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 The vinyl ester resin after it has been mixed with MEKP, took 20-30 minutes to 

start gelling up. This is the point where the resin cannot flow for resin infusion and for a 

wet layup it cannot mix with the carbon very well. After the layups are completed, each 

layup takes 8-24 hours to dry and become completely solid. A finished layup will be 

unbendable by hand, versus a layup that is not entirely dry will still be flexible and 

bendable by hand. The finished layups have a nice glossy finish on one side because of 

the mold’s surface, while the other is smooth, but not glossy because of the peel ply that 

prevents any material from gluing onto the carbon fiber. 

 

Figure 3. Glossy side versus nonglossy side of carbon fiber. 

 The wet layups turned out to be better done than the infused layups because the 

wet layups were completely wet out with resin on the top and bottom side. The infused 

layups were wet on the peel ply side, but the mold side had dry spots near the outlet tube 

because the resin flowed through the top layers and then went to the outlet tube before 

reaching the bottom layers. This issue is hard to avoid with many layers of fiber, but it 

can be avoided if the resin was flowed through the vacuum bag slower or if no meshing 
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material was placed over the carbon fiber layers to let the resin flow through the carbon 

fiber more thorough. 

 

Figure 4. Resin infused test pieces before and after being infused with resin. 

 To fix the dry spots on the resin infused layups, the three test pieces were given a 

finishing resin wet layup without vacuum bagging. The resin was squeegeed into the 

carbon wherever it was dry to force some resin to the center layers where it’s unknown 

whether they are dry or hardened with resin. The fixed pieces were left to dry in room 

temperature with the resin side facing up, which undoes the nice flat finish from the mold 

that it had. As soon as the test pieces were dry, they were ready to prepare for machining. 

To prepare the test pieces for machining they had to be trimmed because the 6”x6” pieces 

had thin sharp edges that could not be clamped on a vise on the CNC. To trim the edges 

of the test pieces, each piece was measured and marked to be cut as a square sized 5”x5” 

on the center of the piece to not have any tape on our test pieces. Each piece was also 

measured for thickness before cutting, the table below demonstrates the thicknesses of all 

Before 

After 
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6 carbon fiber pieces. Test pieces 1,2,3 are the wet layup and test pieces 4,5,6 are the 

resin infusion layups. 

 

Figure 5. Before and after of the resin infused test pieces fix up. 

Table 2. Thickness of all the carbon fiber test pieces. 

Test Piece 1 2 3 4 5 6 Average 

Thickness 0.172 0.159 0.1575 0.116 0.1175 0.1145 0.139 

 

 The pieces were trimmed using a rotary cutting tool with a diamond cutting disc 

to easily cut the material [7]. These discs had a maximum rated RPM (revolutions per 

minute) of 22,000, the rotary cutting tool had an RPM range from 8,000 - 35,000 RPM; it 
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was ensured that 22,000 RPM was not exceeded to not damage the cutting disc. A metal 

cutting disc would be sufficient to cut the carbon fiber, but the diamond cutting disc were 

more available when purchased. Each diamond disc was sufficient to stay sharp to 

completely cut 3 test pieces; 1 disc could cut twelve 6” edges that are approximately 

0.139” thick.  

 

Figure 6. New cutting disc on the left. Worn out cutting disc on the right. 

 Each test piece was cut in a well-ventilated area with the proper personal 

protective equipment, clamped onto a vacuum table with the side being cut over the edge 

of the table. While cutting the carbon fiber, carbon dust and resin dust flies around the 

area which are both toxic to the lungs, so a well-ventilated area is necessary to protect the 

body [8]. While cutting the edges of the test pieces with the cutting wheel, there were 

some areas that were harder to cut than others because of the tape. Test piece number 2 

was the most difficult test piece to cut the edges since the tape was folded over the edges 

of every layer. 
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Figure 7. Carbon fiber test piece ready to be trimmed on ventilated table. 

 The diamond cutting wheel worked very well, but it was a little small. The radius 

of the cutting wheel was bigger than the thickness of the materials, but if the wheel was 

not held correctly the bolt fastening the wheel to the Dremel would ruin the surface of the 

test piece. The bolt would remove  

 

Figure 8. Example of the ruined edges due to the Dremel bolt. 
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Figure 9. Test pieces after being trimmed with the dremmel. 

 As for the aluminum and steel test pieces, the only work that had to be done to get 

them ready for machining was to cut them to size. The aluminum used was a 6061 

aluminum because it’s one of the most common grade of aluminum used in the world [9]. 

The aluminum was cut to size using a band saw; the edges for this test piece are only 

required to be straight for clamping, they do not need to be smooth. The steel test pieces 

are stainless steel type 304, one of the most common grades of steel used in all different 

industries [10]. The steel test pieces were also trimmed with a bandsaw and sized to be 

5”x5” to fit the cutting program designed for this experiment.  

Toolpath Program Design 

 The cutting program was designed in MasterCam and was designed to fit within a 

4”x4” square while machining all the important properties of carbon fiber and the 

common machining operations. Within the cutting square, there were 7 different 

operations to test 7 different machining properties of the test pieces. The 7 different 

machining operations are: a 90° cut to the fiber twill in a single cutting path, a 45° cut to 

Wet Layup Test Pieces 

Resin Infused Test Pieces 
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the twill, a 0° cut to the twill, a 90° cut to the twill making a square surface pass, 0° cut to 

the twill making a square surface pass, a 90° cut to the twill exiting an edge of the test 

piece to test for surface roughness, and lastly a circular cut with a 1.5” diameter. 

 

Figure 10. All the toolpaths programmed for each test piece and their direction. 

 The parameters for the cutting toolpaths are the same for all the machining 

operations and for all the test pieces. The spindle’s RPM was set to 2500RPM, the 

endmill feed rate was set to 5 inches per minute (ipm) with a plunge rate of 3ipm. All 7 

operations were done with a single depth pass of 0.075” because that is an approximate 

mid-point of all the carbon fiber test pieces. To be able to test the surface roughness after 

machining a surface, the surface must have enough clearance around the sides to measure 

for some distance and for the tool’s head to be free of obstacles.  

 

90 Degree cut 

0 

Degree 

cut 

45    

   Degree        

             cut 
90 Degree 

Square cut 

0 Degree 

Square cut 

Circular cut 

Fiber Twill 

Direction 
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Data Gathering 

 To test the cutting forces on the endmill while machining, the CNC recorded the 

X, Y, and Z spindle load. The spindle load of every cut could not be downloaded from 

the CNC, instead, the spindle load was video recorded for every operation and test piece. 

The largest spindle load every 5 seconds for the X, Y, and Z values was recorded and 

placed in a table, which is demonstrated in the “Results” section of this experiment. Each 

operation lasted at least 45 seconds, which provides at least 9 data points to test and 

compare throughout the experiment for each test piece. 

 Lastly, to check the surface roughness for all the test pieces after machining, a 

profilometer was used. Surface roughness was checked on the operation that cut the right 

side of the test piece, on three randomly selected spots of the surface. All the test pieces 

had completely different values since they were all machined with different endmills. The 

hypothesis for this experiment is that the resin infused layups would provide the best 

surface finish as compared to the wet layups, regardless of the endmill. Both carbon fiber 

layups would be easier to machine than steel, but harder to machine aluminum. Lastly, 

the endmill that provides the best machineability and surface finish would be the 

diamond coated endmill over the other two. 
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Figure 11. Using profilometer example. Checking the surface roughness of wet layup that 

was machined with the diamond endmill. 

Results 

Visual 

 The results of machining resulted in some visual significant differences between 

the endmills’ cutting potential, as well as the machineability of the materials. By a visual 

inspection, the differences in cuts between the orientation of the material and the 

direction of the endmill could clearly be distinguished. There was also a significant 

difference between climb milling and conventional milling while cutting the carbon fiber, 

climb milling would almost perfectly remove any filaments, while conventional appeared 

to only remove the resin. Based on a visual inspection, the best way to get a smooth cut 

while cutting with any endmill is cut at 0° of the fiber twill while climb milling. In other 

words, cut the fiber in the same direction that the fiber twill is facing and using climb 

milling to not get any delamination or other cutting defects. See the images below 

demonstrating the 6 carbon fiber test pieces after being machined. 
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Figure 12. All the carbon fiber pieces after being machined. 

 From the figure 12 it is seen that for all the three endmills, the layup type matters. 

The wet layup appears to be more machinable than resin infused layups because there is 

DLC Endmill 

Wet Layup 

Diamond Endmill 

Wet Layup 

Diamond Endmill 

Resin Infused 

AlTiN Endmill 

Resin Infused 
AlTiN Endmill 

Wet Layup 

DLC Endmill 

Resin Infused 
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less delamination on these layups. This could be caused by the amount of resin on the 

layups, resin infused layups have the least amount of resin possible, while the wet layups 

have almost an even amount of resin on each layer. The layups demonstrated that the 

AlTiN endmill provides the worst cutting properties for machining carbon fiber. DLC 

and Diamond coated endmills appear to be very comparable, but the Diamond coated 

endmill machines resin infused layups much better than DLC was able to.  

 Based on a visual inspection, there is not a significant difference between the 

aluminum and steel test pieces machined by the three endmills with the set feed rate and 

RPM. Diamond did give aluminum the best surface finish; the surface had a rainbow 

color after machining. The Diamond endmill though was too brittle for the set feed rates 

and plunge rates to machine steel, the endmill tip broke; no data was able to be gathered 

for machining steel with the Diamond endmill. The DLC endmill did have a slight 

difference in surface finish on both the aluminum and steel test pieces. AlTiN machined 

steel better than DLC. See figure 13 below. 

 
AlTiN Endmill 

Aluminum Diamond Endmill 

Aluminum 
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Figure 13. All the aluminum and steel test pieces after being machined. Note: There is no 

sample for the diamond endmill cutting steel because the endmill snapped. 

Surface Finish 

Table 3. The combinations of the materials and endmills. 

Test Piece Material Endmill Used Material # Endmill # 

1 Wet Layup AlTiN 1 1 

2 Wet Layup DLC 1 2 

3 Wet Layup Diamond 1 3 

4 Infusion AlTiN 2 1 

5 Infusion DLC 2 2 

6 Infusion Diamond 2 3 

7 Aluminum AlTiN 3 1 

DLC Endmill 

Aluminum 

AlTiN Endmill 

Steel 

DLC Endmill 

Steel 
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8 Aluminum DLC 3 2 

9 Aluminum Diamond 3 3 

10 Steel AlTiN 4 1 

11 Steel DLC 4 2 

12 Steel Diamond 4 3 

 

 The surface finish for each material with each of the three endmills is seen in the 

table below. From the data, it can be said that aluminum has the best machining 

capabilities for a smooth surface finish, but all the materials are still very smooth. The 

values on the table are measured in micrometers, anything below 0.8 micrometers is 

considered to be a mirror surface finish [12]. The averages of all the surface finish 

demonstrate that aluminum provides a mirror surface finish with all the endmills, but 

with the combination of a DLC endmill you can get the best surface finish out of all the 

endmill options in this experiment. The diamond endmill also provide a great surface 

finish on all the materials tested, wet layup, resin infusion, and aluminum. There is not a 

significant difference between the surface roughness mean of the wet layup and the resin 

infused layup while cutting with the diamond endmill. The DLC endmill does machine 

with a better surface finish than the AlTiN endmill, but it’s approximately 1.5x rougher 

than machining with the diamond endmill. 
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Table 4. Surface finish values, measured with profilometer in micrometers. Refer to table 

3 for test pieces’ material and endmill matrix. 

Test Piece Location 1 Location 2 Location 3 Average Rank 

1 1.628 1.838 2.19 1.885 10 

2 1.4 2.063 1.725 1.729 8 

3 1.324 1.134 1.244 1.234 6 

4 2.577 3.187 3.151 2.972 11 

5 1.882 1.613 1.529 1.675 7 

6 0.993 1.211 1.227 1.144 5 

7 0.483 0.567 0.468 0.506 2 

8 0.318 0.327 0.46 0.368 1 

9 0.61 0.55 0.404 0.521 3 

10 0.628 0.562 0.781 0.657 4 

11 1.948 1.907 1.738 1.864 9 

12 No Data No Data No Data No Data No Data 

 

Spindle Load Data 

 The table below is an example table of how the data was collected and then 

analyzed. This table is for load percentage in the Y-axis for cutting the circular pattern. 

The data could not be exported from the CNC machine, every operation was video 

recorded and inputted into multiple tables for each operation. Each operation has a table 

for the X-axis, Y-axis, Z-axis, and the spindle load in percent, which was provided on the 

CNC’s screen. From the recording, the load for each direction was written on the tables 

every 5 seconds, from the start of that operation until the end of that operation. Some of 

the materials did not give very accurate data at times, because the load on the screen 

would fluctuate from 0-40% within 1 second. The materials that did this were both steel 

samples, and aluminum sample cutting with the AlTiN endmill. 
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Table 5. Example table for data collection. Circular operation table for the Y-axis load. 

 

 The data was analyzed with a Generalized Linear Model process of analysis using 

Minitab to compare all the different polymer structures with the machinability of each 

combination. After each analysis a post-hoc analysis was performed, specifically a Tukey 

pairwise comparison of each material, endmill, and their interactions. Each cut has results 

in the X, Y, Z, and total load; each result was viewed individually for a more detailed 

view at the full analysis. The carbon fiber twill on all the test pieces is aligned on the Y-

Axis; a 0-degree cut means that the endmill is moving along the Y-Axis while machining. 

90 Degree Cut 

 The analysis results for the 90-degree cut test can be found on Appendix A. 

According to the analysis of variance in the X-Axis (Appendix A: Tables 1-6) there is a 

significant difference between the machineability of the materials with the 3 different 

endmills. Based on the Tukey method of comparison, both carbon fiber test pieces 

provide less resistance load on the endmill while machining than the aluminum and steel 

no matter the endmill. The endmill that provides the least resistance load while 

machining is the diamond endmill, whereas the DLC endmill provides the most 

Time (Sec) 1 2 3 4 5 6 7 8 9 10 11 12

0 17 16 19 15 18 18 14 19 38 28 9 No Data

5 14 19 23 15 17 20 19 17 1 7 15 No Data

10 23 17 18 26 21 17 4 19 19 18 19 No Data

15 20 19 20 16 19 22 20 21 23 24 21 No Data

20 13 16 15 14 19 17 16 17 18 19 22 No Data

25 24 22 22 23 20 22 19 26 20 25 34 No Data

30 16 22 15 20 15 16 16 18 14 17 11 No Data

35 20 22 20 20 17 20 16 18 19 17 17 No Data

40 15 21 16 10 19 15 16 16 19 12 4 No Data

45 21 25 20 21 21 16 24 17 22 22 25 No Data

50 22 29 17 22 21 23 31 26 29 17 30 No Data

55 26 24 21 25 17 21 21 27 27 18 14 No Data

60 20 18 16 22 17 14 20 14 15 22 16 No Data

65 22 17 16 21 17 15 20 23 18 19 18 No Data

Test Piece Spindle Load (Y) in Percent
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resistance load while machining. As for the combination of materials and endmills, the 

worst combinations for machining are aluminum with the DLC endmill, and steel with 

the AlTiN endmill. The analysis demonstrates that there is no significant difference 

between the rest of the combinations, but the top 5 combinations in order from best to 

worst are: aluminum with diamond, wet layup with DLC, resin infused with AlTiN, wet 

layup with diamond, and resin infused with diamond. The diamond endmill took 3 of 5 

positions, and the carbon fiber took 4 of 5 positions; this clearly demonstrates that the 

least resistance load from machining can be achieved through using carbon fiber and 

diamond endmills. Even though this was the case, there is no significant difference 

between the combination of materials and endmill except for two. 

 According to the analysis of variance in the Y-Axis (Appendix A: Tables 7-12) 

there is a significant difference between the machineability of the materials, and their 

combinations with different endmills, but there is no significant difference between 

endmills. Based on the Tukey method of comparison, both carbon fiber test pieces 

provide less resistance load on the endmill while machining than the aluminum and steel 

no matter the endmill. Since there is no significant difference between the endmills, there 

is no difference in their ranks. As for the combination of materials and endmills, the 

worst combination for machining is resin infused with the AlTiN endmill. The analysis 

demonstrates that there are 5 different ranks that are significantly different for the 12 

combinations. The best 5 combinations for machining in order from best to worst are: 

aluminum with diamond, steel with AlTiN, steel with DLC, aluminum with AlTiN, and 

steel with DLC. As seen the top 5 spots were all taken by the metals; this clearly 
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demonstrates that the least resistance load from machining can be achieved through chip 

forming. While the endmills moved along the X-Axis, the metals created chips that exited 

the cutting surfaces, which provided less resistance load on the Y-Axis. Since the carbon 

fiber had uncut filaments that kept resisting along the X-Axis, this increased the average 

load values of the carbon fiber test pieces. Therefore, uncut filaments do provide some 

machining resistance even if they are moving freely around the endmill, and chip forming 

provides the least resistance on the non-moving axis. 

 According to the analysis of variance in the Z-Axis (Appendix A: Tables 13-18) 

there is a significant difference between the machineability combinations materials and 

endmills, but there is no significant difference between materials and endmills 

individually. Based on the Tukey method of comparison, the materials are all ranked the 

same, but in order from best to worst in machining resistance load is steel, resin infused, 

aluminum, and wet layup. Since there is no significant difference between the endmills as 

well, there is no difference in their ranks or much of a difference in their mean variance. 

As for the combination of materials and endmills, the worst combination for machining is 

resin infused with the diamond endmill. The analysis demonstrates that there is just one 

combination that is significantly different, which is the steel with diamond endmill; this is 

also the best combination. The top 5 combinations for machining in order from best to 

worst are: steel with diamond, aluminum with AlTiN, resin infused with DLC, wet layup 

with DLC, and resin infused with diamond. As mentioned before, there is no full set of 

data on the steel and diamond endmill combination, therefore this analysis can be 

concluded that there is no significant difference between the combinations of materials 
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and endmills’ machineability. The steel and diamond endmill data is not completely 

accurate, which made it seem as if the combination is good, but in reality this material 

caused the endmill to break. 

 According to the analysis of variance in the total load (Appendix A: Tables 19-

24) there is a significant difference between the machineability of the materials with the 3 

different endmills. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide less resistance load on the endmill while machining than the aluminum 

and steel no matter the endmill. The endmill that provides the least resistance load while 

machining is the diamond endmill, whereas the DLC endmill provides the most 

resistance load while machining. As for the combination of materials and endmills, the 

worst combination for machining is aluminum with the DLC endmill. The analysis 

demonstrates that there are 4 different ranks that are significantly different for the 12 

combinations. The best 5 combinations for machining in order from best to worst are: 

resin infused with diamond, wet layup with AlTiN, resin infused with DLC, resin infused 

with AlTiN, and wet layup with DLC. As seen the top 5 spots were all taken by the 

carbon fiber pieces; this clearly demonstrates that the polymer matrix composite 

materials are easier to machine than both aluminum and steel while machining at 90-

degrees to the twill. The carbon fiber provided the least total load resistance whether it 

was wet laid, or resin infused the results were the same, there is no significant difference 

between either layup.  
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45 Degree Cut 

 The analysis results for this 45-degree cut test can be found on Appendix B. 

According to the analysis of variance in the X-Axis (Appendix B: Tables 1-6) there is a 

significant difference between the machineability while using different endmills and the 

material and endmill interaction. Based on the Tukey method of comparison, all the 

materials provide the same resistance load while machining. The endmill that provides 

the least resistance load while machining is the AlTiN endmill, whereas the Diamond 

endmill provides the most resistance while machining. Though this may be the case, the 

Tukey comparison demonstrates that there is no significant difference between the 

endmills while machining at 45-degrees. As for the combination of materials and 

endmills, the worst combinations for machining are steel with the Diamond endmill. The 

analysis demonstrates that there is no significant difference between most of the 

combinations, but the top 5 combinations in order from best to worst are: steel with 

AlTiN, resin infused with AlTiN, steel with DLC, resin infused with DLC, and aluminum 

with diamond.  The only two combinations that are significantly different are the best and 

the worst: steel with AlTiN and steel with diamond endmill. As mentioned before, steel 

was a material that fluctuated much while collecting data, in other words, all the 

combinations may not be significantly different. 

 According to the analysis of variance in the Y-Axis (Appendix B: Tables 7-12) 

there is a significant difference between the machineability of the interaction of materials 

and endmills, but there is no significant difference between materials or endmills alone. 

Based on the Tukey method of comparison, all the materials provide the same resistance 
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while machining, and the same goes to the endmills. As for the combination of materials 

and endmills, the worst combination for machining is steel with the diamond endmill. 

The best 5 combinations for machining in order from best to worst are: steel with DLC, 

aluminum with AlTiN, resin infusion with AlTiN, wet layup with DLC, and resin 

infusion with diamond. As seen the top 5 spots were all taken by a mix of materials and 

endmills; this clearly demonstrates that there may not be a significant difference between 

the combinations while machining at an angle. The significantly different materials 

shown in the analysis are those that fluctuated much during the machining process, 

therefore an untrustworthy result. Even though this is the case, the information is 

valuable since machineability of the combinations of materials and endmills at a 45-

degree angle in the Y-Axis is the same for all the tested combinations. 

 According to the analysis of variance in the Z-Axis (Appendix B: Tables 13-18) 

there is a significant difference between the machineability of the materials, as well as the 

combinations materials and endmills, but there is no significant difference between the 

endmills individually. Based on the Tukey method of comparison, there is only one 

material that is significantly different, which is aluminum. The endmills are not 

significantly different, but from least machining resistance load to most resistance load 

are shown as diamond, AlTiN, and DLC endmill. As for the combination of materials and 

endmills, the worst combination for machining is aluminum with DLC endmill. The 

analysis demonstrates that there are three different ranks in which six of combinations are 

not significantly different. The six combinations are mostly the carbon fiber test pieces 

and one steel combination. The top 5 combinations for machining in order from best to 
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worst are: resin infused with AlTiN, steel with diamond, steel with AlTiN, resin infused 

with diamond, and wet layup with DLC. The top 3 combinations are combinations that 

fluctuated too much while collecting data, if those combinations are not present, then 

carbon fiber materials provide the least amount of resistance while machining, no matter 

the endmill used. This concludes that in the Z-Axis, the material with the best 

machineability is carbon fiber, whether is wet laid or resin infused. 

 According to the analysis of variance in the total load (Appendix B: Tables 19-24) 

there is a significant difference between the machineability of the materials, the endmills, 

and their combinations. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide less resistance load on the endmill while machining than the aluminum 

and steel no matter the endmill. The endmill that provides the least resistance while 

machining is the DLC endmill, whereas the AlTiN endmill provides the most resistance 

while machining. As for the combination of materials and endmills, the worst 

combination for machining is steel with diamond endmill. The analysis demonstrates that 

there are three different ranks that are significantly different for the 12 combinations. The 

best 5 combinations for machining in order from best to worst are: resin infused with 

diamond, resin infused with DLC, aluminum with diamond, wet layup with DLC, and 

wet layup with diamond. As seen 4 of the top 5 spots were taken by the carbon fiber 

pieces and all the endmills were DLC and diamond endmills. This clearly demonstrates 

that the polymer matrix composite materials are easier to machine than both aluminum 

and steel while machining at 45-degrees to the twill. The DLC and diamond endmills are 

not very different in terms of machineability of the carbon fiber materials. The carbon 
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fiber provided the least total load resistance whether it was wet laid, or resin infused the 

results were the same, there is no significant difference between either layup.  

0 Degree Cut 

 The analysis results for this 0-degree cut test can be found on Appendix C. 

According to the analysis of variance in the X-Axis (Appendix C: Tables 1-6) there is a 

significant difference between the machineability of the materials, and the material and 

endmill combination, but there is not a significant difference between the machineability 

of different endmills. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide more resistance on the endmill while machining than the aluminum and 

steel no matter the endmill. The endmill that provides the least resistance load while 

machining is the AlTiN endmill, whereas the DLC endmill provides the most resistance 

while machining, even though there is no significant difference between them. As for the 

combination of materials and endmills, the worst combination for machining is resin 

infused with AlTiN endmill. The analysis demonstrates that there are five different ranks 

for the combinations, but the top 5 combinations in order from best to worst are: steel 

with AlTiN, steel with DLC, aluminum with diamond, steel with diamond, and aluminum 

with AlTiN. As seen the top 5 spots were all taken by the metals; this clearly 

demonstrates that the least resistance load from machining can be achieved through chip 

forming as mentioned on the Y-Axis analysis for the 90-degree cut. While the endmills 

moved along the Y-Axis, the metals created chips that exited the cutting surfaces, which 

provided less resistance on the X-Axis. Since the carbon fiber had uncut filaments that 

kept resisting along the X-Axis, this increased the average load values of the carbon fiber 
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test pieces. Therefore, uncut filaments do provide some machining resistance even if they 

are moving freely around the endmill, and chip forming provides the least resistance on 

the non-moving axis. 

 According to the analysis of variance in the Y-Axis (Appendix C: Tables 7-12) 

there is no significant difference between the machineability of the materials, the 

endmills, nor their combinations. Based on the Tukey method of comparison, the material 

with the least resistance to most resistance are aluminum, wet layup, resin infused, and 

lastly steel. Since there is no significant difference between the endmills, there is no 

difference in their ranks, but the AlTiN endmill had the lowest load, while the diamond 

endmill had the most load. As for the combination of materials and endmills, the worst 

combination for machining is steel with the diamond endmill, even though there is no 

significant difference between the combinations. The best 5 combinations for machining 

in order from best to worst are: aluminum with AlTiN, steel with DLC, wet layup with 

AlTiN, resin infused with DLC, and aluminum with DLC. The top 5 spots were taken by 

a different variety of combinations of materials and metals; this makes it unclear to what 

exactly produces the least load while machining. This is also the result of the analysis, 

that states that there is no significant difference between all the combinations, while 

machining in the same direction that the carbon fiber twill is facing. 

 According to the analysis of variance in the Z-Axis (Appendix C: Tables 13-18) 

there is a significant difference between the machineability of the materials, the endmills, 

and their combinations. Based on the Tukey method of comparison, the materials have 

three different ranks where resin infused is ranked the best, wet laid and steel are ranked 
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the same but wet laid is placed over steel, and aluminum is ranked as the worst material 

with the most load resistance. The endmills were significantly different, where the 

diamond endmill was ranked as the best endmill, and the AlTiN endmill was ranked as 

the worst endmill with the most load resistance. As for the combination of materials and 

endmills, the worst combination for machining is aluminum with the diamond endmill. 

The analysis demonstrates that there are five different ranks for the twelve combinations, 

indicating them to be significantly different. The top 5 combinations for machining in 

order from best to worst are: resin infused with diamond, steel with diamond, resin 

infused with DLC, wet layup with DLC, and resin infused with AlTiN. As mentioned 

before, there is no full set of data on the steel and diamond endmill combination, 

therefore this analysis can be concluded that the top 5 combinations are all carbon fiber 

test pieces since ranked 6th is wet laid with diamond endmill. This clearly demonstrates 

that while machining in the Z-Axis, polymer matrix composites will provide less load 

resistance than steel and aluminum, making it more machinable. 

 According to the analysis of variance in the total load (Appendix C: Tables 19-24) 

there is a significant difference between the machineability of the materials, and the 

endmills, but there is not a significant difference between their interaction. Based on the 

Tukey method of comparison, both carbon fiber test pieces provide less resistance on the 

endmill while machining than the aluminum and steel no matter the endmill. The endmill 

that provides the least resistance while machining is the diamond endmill, whereas the 

AlTiN endmill provides the most resistance while machining. As for the combination of 

materials and endmills, the worst combination for machining is machining steel with the 
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AlTiN endmill. The best 5 combinations for machining in order from best to worst are: 

wet laid with diamond, resin infused with DLC, resin infused with diamond, resin infused 

with AlTiN, and aluminum with diamond. As seen, most of the top 5 spots were taken by 

the carbon fiber pieces; this clearly demonstrates that the polymer matrix composite 

materials are easier to machine than both aluminum and steel while machining at 0-

degrees to the twill. All the resin infused layups are in the top 5, and are not significantly 

different, which shows that resin infused layups do provide less resistance load than wet 

laid carbon fiber while machining 0-degrees to the twill, and no matter which endmill is 

used.  

90 Degree Square Cut 

 The analysis results for this 90-degree square cut test can be found on Appendix 

D. According to the analysis of variance in the X-Axis (Appendix D: Tables 1-6) there is 

a significant difference between the machineability of the materials, the endmills, and 

their combinations. Based on the Tukey method of comparison, the order of the materials 

that create the least resistance to the most resistance load while machining the 90-degree 

square cut is aluminum, resin infused, wet layup, and lastly steel. The endmill that 

provides the least resistance while machining is the AlTiN endmill, whereas the diamond 

endmill provides the most resistance while machining. As for the combination of 

materials and endmills, the worst combination for machining is steel with the diamond 

endmill which was also the only combination that was significantly different. The 

analysis demonstrates that there is no significant difference between the rest of the 

combinations, but the top 5 combinations in order from best to worst are: aluminum with 
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AlTiN, aluminum with diamond, steel with AlTiN, steel with DLC, and resin infused 

with diamond. Even though 4 out of 5 of the materials are metals, the composite 

materials were not significantly different from them, this means that square pockets can 

be similarly machined with the same resistance load on all the tested materials except 

steel and diamond endmill. Based on the best to worst analysis though, it can also be said 

that metal materials are slightly better to pocket while machining at 90 degrees to the 

twill of the composite materials because they create less resistance load. 

 According to the analysis of variance in the Y-Axis (Appendix D: Tables 7-12) 

there is not a significant difference between the machineability of the materials, the 

endmills, nor their combinations. Based on the Tukey method of comparison, the order of 

the materials from least to most resistance load is steel, resin infused, aluminum, and 

lastly wet layups. The order of the endmills from least to most resistance load is diamond, 

DLC, and AlTiN. As for the combination of materials and endmills, the worst 

combination for machining is wet layup with the AlTiN endmill. The best 5 combinations 

for machining in order from best to worst are: steel with diamond, resin infused with 

diamond, aluminum with DLC, steel with AlTiN, and steel with DLC. As seen the top 5 

spots were mostly taken by the metals, this is similar to what was seen before, metals 

create less resistance load on the axis that the endmill is not moving along on. 

 According to the analysis of variance in the Z-Axis (Appendix D: Tables 13-18) 

there is a significant difference between the machineability of the materials, the endmills, 

and their combinations. Based on the Tukey method of comparison, there is a significant 

difference between all the materials, there are 4 different ranks, but the order of the most 
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machinable to least machinable material is resin infused, wet laid, steel, and lastly 

aluminum. All the endmills are also significantly different with 3 different ranks, the 

endmill with the best machinability properties is diamond, while DLC has the worst 

machinability properties. The analysis demonstrates that there are eight different ranks 

for the twelve combinations, indicating them to be significantly different. The top 5 

combinations for machining in order from best to worst are: steel with diamond, wet laid 

with DLC, resin infused with diamond, resin infused with AlTiN, and resin infused with 

DLC. As mentioned before, there is no full set of data on the steel and diamond endmill 

combination, therefore this analysis can be concluded that the top 5 combinations are all 

carbon fiber test pieces since ranked 6th is wet laid with AlTiN endmill. This clearly 

demonstrates that while machining in the Z-Axis, polymer matrix composites will 

provide less resistance load than steel and aluminum, making it more machinable. 

 According to the analysis of variance in the total load (Appendix D: Tables 19-

24) there is a significant difference between the machineability of the materials, the 

endmills, and their combinations. Based on the Tukey method of comparison, both 

carbon fiber test pieces provide less resistance on the endmill while machining than the 

aluminum and steel no matter the endmill. The endmill that provides the least resistance 

while machining is the DLC endmill, whereas the diamond endmill provides the most 

resistance while machining. As for the combination of materials and endmills, the worst 

combination for machining is machining steel with the diamond endmill. The analysis 

demonstrates that there are 4 different ranks that are significantly different for the 12 

combinations. The best 5 combinations for machining in order from best to worst are: wet 
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laid with diamond, aluminum with DLC, wet laid with DLC, resin infused with diamond, 

and wet layup with AlTiN. As seen the top 5 spots were mostly taken by the carbon fiber 

pieces; this clearly demonstrates that the polymer matrix composite materials are easier to 

machine than both aluminum and steel while machining a 90-degrees square pocket to 

the twill. It can also be said that while machining a square pocket that is machined at 90-

degrees to the twill, the wet laid composites do provide less resistance load than the resin 

infused, even though both are not significantly different from each other.  

0 Degree Square Cut 

 The analysis results for this 0-degree square cut test can be found on Appendix E. 

According to the analysis of variance in the X-Axis (Appendix E: Tables 1-6) there is not 

a significant difference between the machineability of the materials, the endmills, nor 

their combinations. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide less resistance on the endmill while machining than the aluminum and 

steel no matter the endmill. The endmill that provides the least resistance load while 

machining is the diamond endmill, whereas the DLC endmill provides the most 

resistance load while machining. As for the combination of materials and endmills, the 

worst combination for machining is steel with the AlTiN endmill. The analysis 

demonstrates that there is no significant difference between all the combinations, but the 

top 5 combinations in order from best to worst are: steel with diamond, wet layup with 

AlTiN, resin infused with diamond, wet layup with diamond, and wet laid with DLC. 

Even with no significantly different results for the combinations, it can also be said that 
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the carbon fiber tests provide less resistance load than that of aluminum and steel, 

especially the composites that were wet laid. 

 According to the analysis of variance in the Y-Axis (Appendix E: Tables 7-12) 

there is a significant difference between the machineability of the materials, and their 

combinations with different endmills, but there is no significant difference between 

endmills. Based on the Tukey method of comparison, there is no significant difference 

between the materials’ resistance load, but from the material that creates the least 

resistance load to the most is aluminum, resin infused, wet laid, and lastly steel. Since 

there is no significant difference between the endmills, there is no difference in their 

ranks where the DLC endmill creates the least resistance load, and diamond creates the 

most resistance load. As for the combination of materials and endmills, the worst 

combination for machining is steel with the diamond endmill, which was the only 

combination that was significantly different. The best 5 combinations for machining in 

order from best to worst are: aluminum with diamond, resin infused with diamond, wet 

laid with DLC, wet laid with diamond, and resin infused with DLC. With the top 

combinations not being significantly different, the combinations are scattered with almost 

no trend. However, it is possible to say that the composite materials have a lower 

resistance load while machining a square pocket that is machined in the same direction as 

the fiber twill. It can also be said that diamond and DLC endmills have the least 

resistance load while machining these pockets. 

 According to the analysis of variance in the Z-Axis (Appendix E: Tables 13-18) 

there is a significant difference between the machineability of the materials, the endmills, 
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and their combinations. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide less resistance on the endmill while machining than the aluminum and 

steel no matter the endmill. The analysis ranks the diamond endmill as the only 

significantly different endmill with the least resistance load, whereas the endmill with the 

most resistance load is the AlTiN endmill. As for the combination of materials and 

endmills, the worst combination for machining is aluminum with the DLC endmill. The 

analysis demonstrates that there are five different ranks that are significantly different for 

the twelve combinations. The top 5 combinations for machining in order from best to 

worst are: steel with diamond, wet laid with DLC, resin infused with DLC, resin infused 

with diamond, and resin infused with AlTiN. The comparison demonstrates that most of 

top 5 combinations are with the composite materials, especially the resin infused layups. 

This means that the resin infused layups create a lower resistance load while machining 

pockets along the fiber twill in the Z-Axis than wet layups and metals. 

 According to the analysis of variance in the total load (Appendix E: Tables 19-24) 

there is a significant difference between the machineability of the materials, the endmills, 

and their combinations. Based on the Tukey method of comparison, both carbon fiber test 

pieces provide less resistance on the endmill while machining than the aluminum and 

steel no matter the endmill. The endmills were all significantly different from each other, 

and the endmill that provides the least resistance load while machining is the DLC 

endmill, whereas the diamond endmill provides the most resistance load while 

machining. As for the combination of materials and endmills, the worst combination for 

machining is machining steel with the diamond endmill. The analysis demonstrates that 
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there are five different ranks that are significantly different for the twelve combinations. 

The top 5 combinations for machining with the least resistance load in order from best to 

worst are: resin infused with AlTiN, resin infused with DLC, resin infused with diamond, 

wet layup with DLC, and wet layup with AlTiN. As shown the top 5 spots were all taken 

by the carbon fiber pieces; this clearly demonstrates that the polymer matrix composite 

materials are easier to machine than both aluminum and steel while machining a 0-

degrees to the fiber twill pocket. Even though the results demonstrate that the composite 

layups had no significant difference in their values, all the resin infused combinations had 

a lower resistance load value than the other combinations. Therefore, the resin infused 

layups are more machinable than the wet layups, the aluminum, and the steel.  

Circular Cut 

 The analysis results for this circular cut test can be found on Appendix F. 

According to the analysis of variance in the X-Axis (Appendix F: Tables 1-6) there is a 

significant difference between the machineability of the endmills, but there is no 

significant difference between the materials, and the combinations. Based on the Tukey 

method of comparison, both carbon fiber test pieces provide less resistance on the 

endmill while machining than the aluminum and steel no matter the endmill. The endmill 

that provides the least resistance load while machining is the AlTiN endmill, whereas the 

diamond endmill provides the most resistance load while machining. As for the 

combination of materials and endmills, the worst combination for machining is steel with 

the diamond endmill, which was the only combination that is demonstrated to be 

significantly different. The top 5 combinations in order from best to worst are: steel with 
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AlTiN, resin infused with AlTiN, steel with DLC, wet layup with DLC, and resin infused 

with DLC. Something to note from the results is that the top five results only have AlTiN 

and DLC endmills, indicating that they produce less resistance load on the X-Axis while 

machining a circular pocket. Even though this was the case, there is no significant 

difference between the combinations of the materials and the endmills, and not much can 

be said about the results since the top results have a variety of combinations. 

 According to the analysis of variance in the Y-Axis (Appendix F: Tables 7-12) 

there is not a significant difference between the machineability of the materials, and the 

endmills, but there is a significant difference between their combinations. Based on the 

Tukey method of comparison, all the materials are ranked the same, but in order from 

least resistance load to most resistance load the results were resin infused, aluminum, wet 

layups, and lastly steel. Since there is no significant difference between the endmills, 

there is no difference in their ranks as well, the best endmill with the least resistance load 

is the AlTiN endmill, while the diamond endmill was the worst endmill with the most 

resistance load. As for the combination of materials and endmills, there was only one 

combination that was significantly different, which was the steel with the diamond 

endmill. In other words, there is not a significant different between the combinations of 

the materials and endmills on the Y-Axis while machining a circular pocket since the 

steel and diamond combination is not actual data. The best 5 combinations for machining 

in order from best to worst are: steel with DLC, aluminum with AlTiN, resin infused with 

diamond, resin infused with DLC, and wet layup with diamond. These top results truly 

demonstrate that there is no significant difference between the resistance load of the 
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combinations of materials and endmills on the Y-Axis while machining a circular pocket. 

The top combinations are from each of the materials and each of the endmills, indicating 

that the machineability is similar through each of the combinations. 

 According to the analysis of variance in the Z-Axis (Appendix F: Tables 13-18) 

there is a significant difference between the machineability of the materials, the endmills, 

and their combinations. Based on the Tukey method of comparison, all the materials are 

ranked differently, the order of the materials best to worst in machining resistance load is 

resin infused, wet layup, steel, and aluminum. The endmill with the least resistance load 

is the diamond endmill, while the DLC endmill is the endmill with the most resistance 

load while machining a circular pocket. The analysis demonstrates that there are 5 

different ranks for 12 combinations where steel with diamond is has its own rank. The top 

5 combinations for machining in order from best to worst are: steel with diamond, resin 

infused with DLC, wet layup with DLC, resin infused with diamond, and resin infused 

with AlTiN. As mentioned before, there is no full set of data on the steel and diamond 

endmill combination, therefore this analysis can be concluded that the composite 

materials create the lowest resistance load out of all the materials. The steel and diamond 

endmill data is not completely accurate, which would truly remove it from the top of the 

list. The top list had three out of three resin infused materials, meaning that the resin 

infused composite materials have the best machinability over all the test materials in this 

experiment while machining on Z-Axis. 

 According to the analysis of variance in the total load (Appendix F: Tables 19-24) 

there is a significant difference between the machineability of the materials, the endmills, 
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and their combinations. Based on the Tukey method of comparison, the only material that 

is ranked differently is steel, but the order from best to worst in machining resistance load 

is resin infused, wet layup, aluminum, and steel. The endmill that provides the least 

resistance while machining is the AlTiN endmill, whereas the diamond endmill provides 

the most resistance while machining. As for the combination of materials and endmills, 

the worst combination for machining is machining steel with the diamond endmill. The 

analysis demonstrates that there are 3 different ranks that are significantly different for 

the 12 combinations. The top 5 combinations for machining in order from best to worst 

are: wet layup with diamond, resin infused with DLC, wet layup with AlTiN, resin 

infused with diamond, and aluminum with DLC. The top spots were taken by mostly 

composite materials, and mostly by the DLC and diamond endmill.  The carbon fiber 

provided the least total load resistance whether it was wet laid, or resin infused the results 

were the same, there is no significant difference between either layup. The DLC and the 

diamond endmills can equally be said to be the endmills that create the least total 

resistance load while machining a circular pocket. 

Recommendations 

 This experiment is only the beginning of many more experiments that could be 

adding more value to this research. There are many different properties and experiments 

that should be tested to truly know the machining of polymer matrix composites. Some of 

those properties and tests include items from both sides of the spectrum, the composites 

side, and the machining side of the experiment. In the composites, there are different 

types of resins, resin mixtures, fibers, and fiber orientation that should be tested. In the 
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machining side, the endmills could have different feed rates, different spindle RPM, and 

different cutting depths. Before getting into any of those recommendations, the first 

recommendation is to fasten the test pieces a different way. The test pieces in this 

experiment were secured onto the CNC machining using a vise, which slightly warped 

the material, creating an uneven cut of the material. To fix this it would be best to secure 

the materials onto the cutting table directly by using a clamping method called “Top 

Clamping” [11]. This clamping method ensures that the material is completely flat on the 

CNC bed/table, by clamping the corners or top sides of the material. 

 The first recommendation within the composite materials perspective is to test the 

carbon layups with different resin such as epoxy. Epoxy has much a more elastic 

structure than that of vinyl ester, which means that epoxy can be machined nearly the 

same as aluminum. As for vinyl ester, it is more brittle than epoxy so it’s machining 

properties may be similar to that of cast iron or steel. It is expected that epoxy and vinyl 

ester will both demonstrate different machining properties but will be comparable to 

those of aluminum and steel. The same experiment would be performed, in other words 

by using the epoxy resin, a wet layup and a resin infused layup test piece for the three 

different endmills should be made, and machined. 

 The next recommendation is to test different resin mixture, with their respective 

resin hardener, because the resin hardness will differ the machineability of the product. 

The resin hardness is determined by the resin to hardener mixture; epoxy uses an epoxy 

hardener that varies the mixture from slow, medium, and fast gel times which all provide 

a different hardness to the resin. All three resin mixtures should be tested to k if the 
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hardener mixture affects the epoxy’s machineability. Vinyl ester uses Methyl ethyl 

ketone peroxide (MEKP) to harden the resin, this experiment used 2% of MEKP with the 

vinyl ester resin. The harder the resin is the more brittle the resin will become, while the 

softer the resin is the more elastic it will be as well. For vinyl ester it is recommended to 

test different MEKP mixtures from 1% to 3% MEKP to learn the machineability of the 

composite materials with different resin and hardener mixture. 

 Another recommendation with the composite materials perspective is to test 

different fiber orientation. In the experiment all the carbon fiber layups were 

manufactured by having all the fiber layers in the same orientation or direction. An ideal 

test would be to manufacture the test pieces by having every layer with a 90° cross over. 

For example, if the first layer is set to have a fiber orientation of 0°, then the next layer 

would be placed over it at 90°, the layer after that would then be placed over it at 0°, and 

so on. This would create the test pieces to have different cutting properties since the piece 

is basically being machined at 0° and 90° (relative to the fibers) while machining in the X 

and Y axis. 

 The last recommendation with the composite materials perspective is to do all the 

mentioned recommendations and the tests in the experiment with other polymer matrix 

composites such as fiberglass and Kevlar, as well as prepreg materials. Prepreg is another 

type of layup that is widely used everywhere and is considered to be the “perfect” fiber to 

resin ratio. Both fibers, and prepreg materials will have different properties from the test 

pieces manufactured in this experiment and will react differently to the endmills, feed 

rates, resin mixture, which is all important to know. Both materials are also widely used 
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in different industries such as automotive, marine, aerospace, and more. Fiberglass and 

Kevlar, have their own characteristics that would be interesting to see how they compare 

to the machining of carbon fiber, aluminum, and steel. The prepreg material should be of 

the three materials mentioned: carbon fiber, fiberglass, and Kevlar. 

 As for the machining properties that should be changed and tested are the feed 

rates and spindle RPM. With the same RPM, the test piece should be machined with 

different federates to see surface finish and machineability. A good range of feed rates to 

be test would be from 3ipm to 8ipm, while being cautious of the material and having the 

same RPM. As mentioned before, the 3ipm plunge of the diamond endmill was too much 

for the endmill to handle, which made it break. The RPM would also have a range from 

2,000RPM to 5,000RPM while keeping the same feed rate. These 2 experiments would 

add many runs to do, which would be very time consuming, but by the end of the 

experiment the information will be very educational. These tests would demonstrate what 

the perfect RPM and feed rate would be for all the materials, fiberglass, carbon fiber, and 

Kevlar. 

 Lastly in machining processes, the depth of every cutting path does create a 

difference in the forces seen on the spindle load. During the experiment, every cutting 

path had a depth of 0.075”, how would a cutting path of 0.1” be different from 0.075”? A 

good cutting path depth range to test would be from 0.05” to 0.15” while also testing all 

the other recommendations mentioned. All these combinations of tests would improve the 

understanding of polymer matrix composites, by demonstrating how it would be best to 

machine them. Every machinist wants to know how to machine the material they are 
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machining as efficiently as possible, while still having high quality. All these other tests 

mentioned in this recommendation section of this research are tests that would give an 

answer to that efficiency question. 

 A new way for information gathering of the data is a must. During this 

experiment it took a long time to place the data from a video into a table or excel 

document. A software or CNC that can record the spindle loading data and be placed into 

a table or graph would simplify the process and be more accurate. As mentioned, the steel 

spindle loading forces may be inaccurate because the load alternated too much every 

second; a data point could be written down from 0-40%. The accuracy of the steel data is 

questionable which can give false data, improving this data collection process would 

highly increase the results of this experiment. 

Conclusion 

 This research is something that I would like to continue in my career or when I 

complete a Doctorate Degree. There is still much more to learn from the machining of 

polymer matrix composite materials that have not been established. The gathered data in 

this experiment did demonstrate some of the machining properties of polymer matrix 

composites. The most common properties from a visual perspective for machining the 

carbon fiber are that it’s best to climb mill in the direction of the twill for the best cut. 

The wet layups are more machinable than resin infused layups because they had less fiber 

delamination after machining no matter which endmill was used. The diamond endmill 

did machine much better than the AlTiN endmill by having less delamination, but the 

DLC endmill was not far off from the same results as the diamond endmill. 
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 The surfaces of the materials demonstrated that aluminum has the best machining 

capabilities for a smooth surface finish, but all the materials are still very smooth. The 

averages of all the surface finish demonstrate that aluminum provides a mirror surface 

finish with all the endmills, but with the combination of a DLC endmill you can get the 

best surface finish out of all the endmill options in this experiment. The diamond endmill 

also provides a great surface finish on all the materials tested, wet layup, resin infusion, 

and aluminum. The DLC endmill had similar results to that of the diamond endmill, 

except that the diamond endmill provides a better surface finish for both composite 

layups, while the AlTiN endmill provides a worst surface finish overall. 

 The resistance load analysis demonstrated which materials, endmills, and 

combinations have the least resistance, indicating the best machineability possible 

between materials and the endmills. The results indicated that this is case by case, and 

that it’s important to know the direction that the endmill is cutting as well as the direction 

of the fiber twill. While machining at 90-degrees to the fiber twill, whether that’s a 

straight cut or a square cut the polymer matrix composite materials are more machinable 

than both aluminum and steel while machining at 90-degrees to the fiber twill. The 

carbon fiber provided the least total load resistance whether it was wet laid, or resin 

infused the results were the same, there is no significant difference between either layup. 

While machining at 0-degrees to the fiber twill, the results are different from the 90-

degree cut, the polymer matrix composite materials are easier to machine than both 

aluminum and steel as well, but resin infused materials are clearly over wet laid 

composites. Even though the results demonstrate that the composite layups had no 
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significant difference in their values, all the resin infused combinations had a lower 

resistance load value than the other combinations. Therefore, the resin infused layups are 

more machinable than the wet layups, the aluminum, and the steel while machining in the 

same direction that the fiber twill is waved. Lastly, the circular cut analysis demonstrated 

the same results about the materials that the polymer matrix composite materials have a 

lower resistance load value than aluminum and steel. As for the endmills, the two 

endmills that had very similar results were the DLC and diamond endmill; these endmills 

equally be said to be the endmills that create the least total resistance load while 

machining a circular pocket. 

 Overall, this experiment has demonstrated the machinability properties of 

polymer matrix composite materials as compared to common aluminum and steel. Resin 

infused and wet laid composite materials do have slightly different cutting properties 

even at different cutting angles, the materials are also fairly similar to metals at different 

cutting directions and cutting angles to the fiber twill. When deciding the endmill to use 

on a specific material that was used in this experiment, it is important to also consider the 

machining program operation in order to reduce the stress on the endmill.  

 There are multiple other tests that would add more knowledge to this experiment 

such as machining at different RPMs, feed rates, depths, as well as testing other materials 

such as pre-preg composite materials. This experiment is a steppingstone to many more 

potential experiments that would add more value to the body of knowledge in polymer 

matrix composite materials. 
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Appendixes 

Appendix A – 90 Degree Analysis Results 
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Y-Axis Analysis: 
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Z-Axis Aalysis: 



51 
 

Table 13.
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Total Load Analysis: 
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Table 20.
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Appendix B – 45 Degree Analysis Results 

X-Axis Analysis:  

Table 1.

Table 2.
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Table 3.
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Table 6.

Y-Axis Analysis: 

Table 7.
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Total Load Analysis: 
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Appendix C – 0 Degree Analysis Results 

X-Axis Analysis: 
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Table 3.
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Y-Axis Analysis: 
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Table 14.
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Total Load Analysis: 
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Appendix D – 90 Degree Square Analysis 

Results 

X-Axis Analysis: 

Table 1.
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Table 2.
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Y-Axis Analysis:  
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Z-Axis Analysis: 

Table 13.



63 
 

Table 14.
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Total Load Analysis: 
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Appendix E – 0 Degree Square Analysis 

Results 

X-Axis Analysis: 
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Y-Axis Analysis:  
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Z-Axis Analysis:  
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Total Load Analysis:  
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Appendix F – Circular Analysis Results 

X-Axis Analysis:  
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Y-Axis Analysis:  
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Total Load Analysis: 
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