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Abstract

This paper describes a manufacturing approach for carbon-bonded carbon fiber where cyanoacrylate and wax infiltration are used to improve
the handling and machinability of preforms. Structured light optical coordinate metrology is used to acquire a stock model for computer-aided
manufacturing and work coordinate system definition for machining. Non-infiltrated (neat) and infiltrated samples are machined using the same
part program to compare results. Geometric attributes are measured with a touch trigger probe coordinate measuring machine and surface char-
acteristics are measured with an optical 3D measuring system. Experimental results show superior geometric accuracy and surface roughness for

the infiltrated samples over the neat sample.

© 2024 The Authors. Published by ELSEVIER Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Peer-review under responsibility of the scientific committee of the NAMRI/SME.

Keywords: carbon-bonded carbon fiber; structured light scanning; infiltration; optical coordinate metrology;

1. Introduction

Carbon-bonded carbon fiber (CBCF) is a lightweight car-
bon/carbon composite first synthesized at Oak Ridge National
Laboratory [1]. Due to its low thermal conductivity, high-
temperature capability, and low density, it is commonly used
in aerospace applications as thermal insulation [2]. The struc-
ture of CBCF results in high porosity of 70-90% [3]. CBCF is
typically prepared via vacuum filtration, pressure filtration, dry
formation or powder molding [2]. Due to the nature of these
processes, they are limited to the creation of rectangular or
cylindrical (non-complex) shapes. Improving the manufactur-
ing process, properties, and performance of CBCF is an open
research topic [4, 5, 6]. Few works in literature have explored
milling of non-infiltrated CBCF and none have explored tem-
porary infiltration of CBCF[7]. The purpose of this study is to
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test temporary infiltration and machining of CBCF to provide
manufacturing capabilities for complex geometries.

Machining and handling of high porosity materials is chal-
lenging [8, 9]. Dust produced from the milling process can be
a health hazard and cause direct wear and damage to a stan-
dard machine tool. The fragile nature of the preform requires
slower cutting speeds and time-consuming fixturing. Milling
of soft brittle materials results in microfracture damage and
cracking on cut surfaces due to the lack of formation of an
amorphous layer on cut surfaces [10]. This study seeks to al-
leviate these difficulties for milling CBCF using an infiltration
process to temporarily densify the CBCF. Two forms of in-
filtration were selected. Infiltration of the CBCF preforms ef-
fectively increases the hardness of the preform, the preforms
pressure on the tool during milling, resulting in a “protective”
amorphous layer formation during milling. Cyanoacrylate was
selected based on the authors successful previous research infil-
trating a similar silicon carbide binder jet additively manufac-
turing preform [11]. This study used a similar methodology for
coordinate system definition and stock model generation using
structured light scanning. The second form of infiltration was
paraffin wax which was selected for its common use in simi-
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lar manufacturing applications, such as for infiltration prior to
casting or infiltration prior to machining of metal foam [12, 13].
Exfiltration of CBCEF parts is key to return the parts properties
to their superior low density and low thermal conductivity after
milling.

This study compares machining of neat, wax infiltrated, and
cyanoacrylate infiltrated CBCF samples. A manufacturing se-
quence applied for similar low-density non-prismatic preforms
is implemented, where a structured light scan of the preform
is used to establish a coordinate system that can be identified
in the machine tool and is used as the computer aided man-
ufacturing (CAM) stock model for tool path generation [11].
Computer numerical control (CNC) end milling is used for all
samples. The final geometry and surface characteristics of the
samples are compared to establish feasibility of machining in-
filtrated CBCF. The intent is to improve the manufacturability
of CBCF.

Nomenclature

ABS  acrylonitrile butadiene styrene
CAD  computer aided design

CAM computer aided manufacturing
CBCF carbon-bonded carbon fiber
CMM coordinate measurement machine
CNC  computer numerical control

FFF  fused filament fabrication
WCS  work coordinate system

2. Methodology

Calcarb©CBCF rigid high-temperature insulation by
Mersen was procured for this study. Three samples were cut
from the starting block using a foam knife; see Figure 1a, where
the sample sizes were approximately 30 mm by 30 mm by 25
mm. The first sample was designated as the “neat” sample and
was not infiltrated. The second sample was infiltrated with 5
cP cyanoacrylate by pouring the cyanoacrylate on the top of
the sample until it saturated the bottom of the sample. Excess
cyanoacrylate was wiped off prior to drying. The third sample
was infiltrated with paraffin wax inside an oven set to 75 °C.
To facilitate the paraffin wax infiltration, a fused filament
fabrication (FFF) acrylonitrile butadiene styrene (ABS) tower
was designed and printed to hold wax above the CBCF sample;
see Figure 1b. Aluminum stock was placed around the sample
to maintain its position and facilitate removal. Wax pellets
were added above the sample every few minutes until the wax
was observed to saturate the base of the sample.

To enable handling and fixturing of the three samples with-
out damage, the three samples were glued to a 25.4 mm by 25.4
mm by 152.4 mm section of aluminum bar stock. The bar stock
and mounted samples was then clamped in a 101.6 mm wide
machining vise; see Figure 2a. Scanning targets (1.5 mm) were
attached to the vise and mounted samples. The entire setup was

then scanned with a GOM ATOS Q structured light-based op-
tical coordinate measurement system; see Figure 2b. This en-
abled the vise to serve as a fiducial for the machining work
coordinate system (WCS) definition and the scan to be used
as a stock model for the CAM tool path generation [11, 14].
Alignment of the three CAD sample models within the scan,
the vise-based machining coordinate system, and CAM tool-
paths are shown in Figure 3. The CAD alignments were made
using a best-fit algorithm available in the GOM Inspect soft-
ware. The alignment was completed in the XY plane for each
sample 2 mm below the top surface. The machining coordinate
system was defined by fitting three planes to three ground sur-
faces on the vise, again using GOM Inspect. CAM toolpaths
consisted of two operations: 1) the top surfaces were faced;
and 2) a 2D contour operation was completed around the sides.
These operations targeted the first milling step towards manu-
facturing 12.45 mm tall, 25.4 mm diameter cylindrical pucks. A
7.94 mm diameter two flute titanium coated carbide bull nose
endmill with a 0.2 mm corner radius by YG1 was used for all
machining operations. Due to the high stiffness of the tool and
low force level for material removal, the potential for unstable
cutting (chatter) was low. A spindle speed of 7827 rpm, surface
speed of 195.2 m/min, feed rate of 2082.8 mm/min, and feed per
tooth of 0.133 mm were selected based on suggested parame-
ters for similar hardness materials from the tool manufacturer.
For the facing operation, a max stepover of 5.27 mm and step
down of 0.5 mm were selected. For the 2D contour operation,
a 1.27 mm max roughing stepdown was used with 0.76 mm of
stock left radially for a finishing pass. The finishing 2D contour
pass removed material 5 mm below the required bottom edge in
a single pass for a total of 17 mm below the final top surface.

The vise with mounted samples was attached to the table
in a Haas CM1 CNC milling machine; see Figure 4. The vise
was aligned to the machine XY axes manually using a dial in-
dicator. The three reference fiducial surfaces of the vise were
probed using an on-machine touch probe (Renishaw OMP40)
to identify the vise-based machining coordinate system. The
CAM program was then uploaded to the machine and executed
to machine the three samples. The operations were performed
in the following sequence: faced cyanoacrylate infiltrated sam-
ple, faced wax infiltrated sample, faced neat sample, contoured
cyanoacrylate infiltrated sample, contoured wax infiltrated sam-
ple, and contoured neat sample.

2]

Figure 1. (a) Rough cut CBCF samples prepared for study; (b) wax sample
infiltration using custom FFF printed tower in oven.
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Figure 2. (a) Samples infiltrated and mounted to aluminum bar clamped in vise;
(b) scanning of mounted samples for CAM and machining purposes.

3. Results

The three machined samples are shown in Figure 5. A note-
worthy result was the clear distinction between observed chips
from each sample; see Figure 6. The neat sample produced dust
rather than chips, the cyanoacrylate-infiltrated sample produced
a combination of dust and chips, and the wax-infiltrated sam-
ple produced chips similar typical machining results for ductile
metals. Note that the large chips in the neat sample image were
produced by another sample.

The diameter of each sample was measured using a ZEISS
Duramax coordinate measuring machine (CMM). Two circular
traces were completed on each sample that were located 4 mm
and 8 mm below the top surface. Based on the mean diameter
of 25.4 mm, the CMM results showed that the neat sample was
-67 um from nominal, the cyanoacrylate-infiltrated sample -34
pm from nominal, and the wax-infiltrated sample -33 ym from
nominal. Therefore, both infiltrated samples provided a smaller
diameter error.

Microscope images of each sample’s top surface were com-
pleted using a Mitituyo Quickscope QS-L digital microscope;
see Figure 7. Fewer gaps (dark areas) in the wax-infiltrated sam-
ple image indicate superior machining of the top surface as well
as superior infiltration over the cyanoacrylate sample. The top
surface was further investigated using an Alicona InfiniteFo-
cusSL confocal microscope. A surface deviation map for all
samples is shown in Figure 8. This result shows a uniform dis-
tribution of deviations in the neat sample. The cyanoacrylate-
infiltrated sample shows the widest range of deviation. The
wax-infiltrated sample shows the closest to nominal result with
greater deviation in the center of the sample, suggesting that the
infiltration was less successful at this location. This was likely
due to the lack of a tight seal around the sides of the sample
during infiltration, allowing wax to prioritize flowing along the
sides of the sample. To analyze surface finish, five digital line
traces were completed using the Alicona data; these traces con-
formed to ISO 4287 and 4288. The results are shown in Fig-
ure 9. The wax-infiltrated sample provided the lowest average
roughness with an Ra of approximately 2 ym to 3 ym.

4. Conclusions

Based on the presented work and results, the following con-
clusions are made:

o Infiltration of CBCF with cyanoacrylate or paraffin wax
improves its machinability by creating chips, rather than
dust, during material removal similar to ductile metal ma-
chining.

o Infiltration of CBCF with cyanoacrylate or paraffin wax
improves its machinability by densifying the workpiece
and reducing the risk of damage during handling.

e Machined wax and cyanoacrylate-infiltrated CBCF sam-
ples exhibited more accurate geometry (diameter) com-
pared to a neat CBCF sample.

o Wax-infiltrated CBCF resulted in superior surface finish
over a neat sample or cyanoacrylate-infiltrated sample.

e The vise, which serves as the workpiece clamping sys-
tem, can provide reference points for defining and align-
ing the WCS within a machine tool. This is achieved by
including both the clamping system and the part in the
structured light scan. This enables the WCS to be defined
independently from the part geometry.

Future work plans to expand on the conclusions and address
some of the shortfalls of this work. Greater focus will be made
on the resulting chips for the various samples through further
imaging. Vacuum infiltration will be used to produce samples
with uniformly distributed internal infiltration material. Hard-
ness of materials to be machined and machining forces and vi-
brations will be quantified. Testing various geometries, measur-
ing tool wear, modifying methods of infiltration, and producing
multiples of each sample are all planned efforts for future work.
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Figure 6. (a) Neat sample mid cut; (b) cyanoacrylate infiltrated sample mid cut; (c) wax infiltrated sample mid cut
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