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Abstract
Fast machining is essential for mass production of composite structures, and out-of-plane
shearing, also known as die cutting, is appropriate for trimming. Nevertheless, little is known

about shearing of polymer-matrix composites. This study was done to investigate the



damaging impact of shearing conditions on carbon fiber reinforced plastic (CFRP) laminates.

The clearance and temperature affected the damage progress, while the cutting speed in the

tested range had negligible effect. In cross-ply laminates, delamination and matrix cracks first

appeared in a narrow shearing zone, and with further loading longitudinal plies broke at the

dies’ edges. Although delamination occurred only in a narrow shear-stress concentrated zone

in the case of a small clearance, it was significant for a large clearance, owing to the local

bending deformation. A temperature slightly lower than the glass transition temperature

narrowed the delamination area, owing to the increase in the interlaminar fracture toughness

as well as insignificant strength degradation of the matrix.

Keywords: Carbon fiber reinforced plastics (CFRPs); Trimming; Die cutting; Delamination;

Matrix cracks

1. Introduction

Recently, significant effort has been made to use carbon fiber reinforced plastics (CFRPS)

in automobile structures, for weight reduction and improvement of fuel efficiency. However,

CFRP products are generally expensive owing to their high material and production costs, and

are seldom used in general-purpose equipment. Facility occupation time is an important factor

that affects productivity; therefore, appropriate machining methods are required for mass



production of composite structures. Finish machining is necessary for composite structures,

even if components are molded in near-net shapes.

Milling (Gordon and Hillery, 2003; Che et al., 2014; Soussia et al., 2014) and abrasive

waterjets (Wnag, 1999; Kalla et al., 2012; Alberdi et al., 2013) have been widely used for

trimming. Milling induces extensive wear of tools and put high thermo-mechanical loading to

CFRPs by heating up in the working area. Machining-incurred damage as well as rapid wear

of cutting tools have been investigated for standard machining such as turning, drilling and

milling (Teti, 2002; Davim and Reis, 2005; Hintze et al., 2011; Sheikh-Ahmad et al., 2012).

Temperature elevation was measured during milling process of CFRPs (Yashiro et al., 2013).

Abrasive waterjet also causes delamination, and its mechanism has been investigated

experimentally and analytically (MM et al., 2018; Shanmugam et al., 2008; Schwartzentruber

et al., 2018). Its optimal feed rate is generally low, and moisture absorption is an undesirable

issue for CFRPs. In recent years, laser cutting of CFRPs has been studied (Dubey and Yadava,

2008). Great difference in material properties between fibers and matrix causes heat-affected

zone during absorption of high thermal energy (Li et al, 2010), and its minimization is a major

topic in laser cutting of CFRPs (Furst et al., 2017; Leone and Genna, 2018; Li et al., 2018).

Machining quality in polymer-matrix composites by the above three techniques has been

compared (Shanmugam et al., 2002; Hejjaji et al., 2016). However, these techniques take a

long time to cut long edges, because these methods require to follow the machining path to



obtain prescribed shapes, and because the kerf quality is negatively correlated with the

machining speed. This inherent characteristic results in low productivity. From the viewpoint

of the machining speed, out-of-plane shearing (also known as die cutting) can be used for

trimming.

Out-of-plane shearing has been used frequently in metal processing for mass production.

By contrast, there are only a few studies on the out-of-plane shearing of composite materials,

probably because severe delamination is usually assumed. However, our previous studies

(YYashiro et al., 2014; Nakamura et al., 2015; Yashiro and Ogi, DOI:

10.1177/0021998318801454) suggested that thermoset CFRP laminates can be cut by out-of-

plane shearing without inducing extensive delamination growth. Watzke et al. (2014)

performed cryogenic shearing of woven composites, aiming at the embrittlement of the

underlying matrix. They obtained a sharp cut surface under cryogenic conditions, while the

burr remained at room temperature. Tatsuno et al. (2018) cut textile carbon fiber reinforced

thermoplastic (CFRTP) laminates and observed a shaggy fracture pattern at the center of the

samples’ thickness dimension. Their observation was limited to the ply-scale; the detailed

mechanism of damage accumulation by out-of-plane shearing remains unclear.

Determining optimal machining conditions is important for composite structures, because

machining-incurred damage always degrades the mechanical properties of composites

(Persson et al., 1997; Saleem et al., 2013; Haddad et al., 2014; Li et al., 2018; Herzog et al.,



2008). With respect to the out-of-plane shearing of composites, the process of damage

accumulation was observed in a simple cross-ply laminate (Yashiro et al., 2014; Yashiro and

Ogi, DOI: 10.1177/0021998318801454), but none of the previous studies have systematically

revealed the influence of shearing conditions on the accumulation of damage. The cutting

speed, the clearance between the upper and lower dies, the temperature of the workpiece, and

the shape of the cutting die typically affect the process of damage accumulation leading to

shear cutting. Clear understanding of the effect of these parameters is essential for optimizing

the shearing process.

Owing to the lack of experimental observations and analytical suggestions, we studied the

feasibility of out-of-shearing of composite laminate plates with fundamental stacking

sequences, to understand the mechanism of damage accumulation and to explore appropriate

machining conditions. In particular, this study was done to systematically investigate the

influence of the clearance, cutting speed, and temperature on the damage accumulation in

composite laminates. The present study demonstrates the use of the simplest shape of the

cutting die; the effect of the die shape on the final quality was investigated by Nakamura et al.

(2015). Determining the conditions that minimize the machining-incurred damage in CFRP

laminates is a step forward toward developing processing methods that incur no shearing

damage in CFRTPs, which are promising materials for automotive applications.

This article is organized as follows. First, the material used and the experimental procedure



are described in Section 2. In Section 3, the damage accumulation process in CFRP laminates

is presented in terms of the cutting speed (Section 3.1), clearance between the upper and

lower dies (Section 3.2), and temperature (Section 3.3). Section 4 presents a mathematical

model to predict the maximal shear stress during out-of-plane shearing, and suggests

appropriate machining conditions. Finally, Section 5 summarizes the mechanism of the

evolution of the damage incurred by out-of-plane shearing.

2. Experiment

Carbon fiber reinforced epoxy prepreg sheets (T700S/#2592, Toray Industries) were used in

the present study. Four fundamental stacking sequences were considered; namely,

unidirectional laminations [0g] (UDO0) and [90s] (UD90), simple cross-ply lamination [02/902]s

(CP1), and cross-ply lamination with many ply interfaces [0/90]2s (CP2). The laminates were

cured at 130°C, at 0.2 MPa, for 2 hours, using a hot-press machine with a vacuum chamber.

Coupon specimens were cut out from the laminates using a diamond saw, and each coupon

specimen was 40 mm long, 10 mm wide, and 1.1 mm thick. Figure 1 depicts the morphology

of a CP1 specimen, where 0° is the longitudinal direction of a coupon. This study focuses on

the major types of damage affecting integrity of the composite material, namely transverse

cracks, interlaminar delamination and fiber breaks. The glass transition temperature Tq4 of the

fabricated CFRP laminates was measured using a thermal analysis instrument (DTAG0-A,



Shimadzu), and T4 was determined as 92°C.

Specimen longitudinal direction
-

Carbon fibers
Transverse crack ($7um)

e \ Delamination
0°ply
0°ply Z g
1.1mm 90° ply 0 ply =
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Fiber break 0.2mm
(a) Schematic (b) Micrograph of the specimen edge

Figure 1 Morphology of a composite laminate. The CP1 lamination is depicted as an example.

Figure 2 shows the schematic of the shearing jig. The upper jig moved along a vertical

guide pole, to prevent inclination of the upper die. This study used flat blades as a

fundamental cutting die; more specifically, the knife angle and the shearing angle were zero,

for both the upper and lower dies. The dies were made of flame-hardened steel with good

hardness, machinability, toughness, and durability. A part of the specimen (30 mm of its

length) was fixed on the lower jig using a stopper plate, and the remaining 10-mm-long part

was cut down. The stopper plate was screwed in place using two bolts with springs between

them. The jig was placed on a universal testing machine (AG-50kNXplus, Shimadzu), and the

upper jig was slid down to cut a coupon specimen. The load and the crosshead displacement

were measured during the test. The edges of the cut specimens were observed using an optical

microscope, and soft X-ray radiography (M-100, Softex) was used for determining

delamination. Furthermore, some additional specimens were removed from the jig in the
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middle of shearing, to observe damage accumulation.

Guide pole

Sheath type

Stopper plate thermocouple

Lower die

=

/
Temperature controller  Cartridge heater Ciejre!:n;e Spacer plate(s)

Figure 2 Schematic of the out-of-plane shearing jig.

The clearance (i.e., the horizontal distance between the upper and lower dies), the

specimens’ temperature, and the cutting speed were all considered as machining conditions.

The clearance (0.01 mm to 0.50 mm) was adjusted by inserting thin spacer plates between the

lower die and the jig body. The temperature of the specimens was controlled using a cartridge

heater inserted into the lower die. The specimen temperature was determined using a pre-

measured calibration curve between the specimen temperature and a designated value.

3. Results and discussion

3.1 Cutting speed

First, the UDO specimens were tested for some cutting speeds, under three clearance

conditions. In this study, the crosshead indentation speed was varied (1, 100, and 1000

mm/min), but it should be noted that the actual cutting speed is not identical to the indentation
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Shear stress (M Pa)

speed. Figure 3 shows typical shear stress-displacement curves; the shear stress is the load
divided by the cross-sectional area. The shear stress initially increased with an increase in
displacement, independent of the clearance. Near the maximal stress, the displacement
increased without a significant change in the stress. This suggests that the longitudinal plies
were cut progressively under a nearly constant shear stress. The shear stress decreased steeply
as the displacement increased further. The specimens were almost cut at the stress drop. The

indentation speed did not alter the overall trend of the shear stress-displacement diagram, such

as the initial slope and the maximal stress.
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Figure 3 Shear stress-displacement curves for the UDO specimens, for different indentation
speeds.

The failure displacement led to the appearance of permanent deformation in the shearing
zone, with an inclined cut surface (called ‘shear drops’), as shown in Fig. 4a, and the angle
between the bottom surface and the major cut surface is shown in Fig. 4b. As the indentation

speed increased, the cut angle slightly approached the right angle.
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(@) Appearance of the specimen (b) Relationship between the cut angle and the indentation speed

Figure 4 Inclination of the cut surface against the bottom plane. Error bars in panel (b)

indicate the standard deviation.

The above results demonstrate that the effect of the indentation speed was negligible within

the tested range of speed values. Therefore, hereafter the indentation speed was fixed at 1

mm/min for in-situ observations. However, the practical cutting speed (~1 m/s for metals) is

much higher than the maximal speed in this study, which necessitates additional research. It

should be noted that shearing takes a short time to cut a long edge even at a low indentation

speed compared with milling and abrasive waterjet.

3.2 Clearance

The specimens were cut under four clearance conditions (0.05, 0.1, 0.2, and 0.5 mm) to

clarify the effect of the clearance on the accumulation of damage. The specimens used were

the unidirectional laminates UDO and UD90, and the simple cross-ply laminate CP1. All of
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the tests were conducted at room temperature.

Figure 5 shows typical shear stress-displacement curves for the UDO specimens. The

maximal stress decreased and the displacement at the steep stress drop increased with an

increase in clearance, although all of the curves had similar shapes. When the load was

removed after a slight change in the slope at the initial stage of the loading, the specimens

bent locally between the upper and lower dies, suggesting a plastic deformation and a

microscopic damage of the matrix. Figure 6 shows the micrographs of the specimens’ edge,

just before the drop of the applied stress. Fibers broke near the edge of the dies at the maximal

stress. In the case of a large clearance (0.5 mm), lateral cracks (arrow A) appeared in the

center of the specimen thickness dimension, and additional fiber breaks (arrow B) were

generated apart from the lower die. The displacement increased at a high stress owing to

progressive fiber breaks. Most fibers were cut by further indentation of the upper die, and the

stress decreased steeply. The shear stress then decreased gradually owing to the load bearing

of remaining fibers, such as burrs on the lateral sides.

11
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Figure 5 Shear stress-displacement curves for the UDO specimens, for four clearances.

A: lateral cracks

A

B: additional fiber breaks

(@) 0.05 mm clearance (b) 0.5 mm clearance

Figure 6 Edge observations for the UDO specimen after the onset of fiber breaks. Triangles

indicate the tips of the upper and lower dies.

Figure 7 shows the shear stress-displacement curves for the UD90 specimens. The shear
stress increased monotonically with an increase in displacement in the case of the 0.05-mm-
wide clearance. There was no macroscopic plastic deformation before the maximal shear
stress. A crack was generated and extended from the tip of the upper die to the tip of the lower

die (Fig. 8a), which caused a steep drop in the stress. In the case of the 0.5-mm-wide

12



clearance (Fig. 8b), a crack (arrow A) was first generated in the fixed part owing to the local

bending deformation, which caused a temporal drop in the stress. The fixed part could move

upward slightly since the specimen was clamped by hard springs, intending a marginal

reduction of the maximal shear stress by the local bending deformation. The first crack did

not penetrate the thickness of the specimen, and the shear stress increased again with further

indentation. The second major crack (arrow B) then occurred at the same stress as for the

small clearance case, and the specimen broke completely.

70

60

50

40

30

20

Shear stress (M Pa)

10

0.0 0.1 0.2 0.2 0.3
Displacement (mm)

Figure 7 Shear stress-displacement curves for the UD90 specimens, for four clearances. In the

case of 0.1 mm and 0.2 mm clearances, two-peak curves were also obtained for some specimens.
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B: major crack
A: additional crack

(a) 0.05 mm clearance (b) 0.5 mm clearance

Figure 8 Edge observations for the UD90 specimens immediately prior to the complete cut-off.

The characteristics of the UDO and UD90 were determined from the results for the CP1

specimens. Figure 9 shows the shear stress-displacement curves for the CP1 specimens, and

Fig. 10 shows the micrographs of the specimens’ edge at the middle stages of testing. The

shear stress increased monotonically, and the slope changed at the displacement near the

failure displacement of the UD90 specimens. This slight change in the slope was caused by

the small delamination at the 0°/90° interface and the onset of transverse cracks. The stress

increased with an increase in displacement, and the damage state remained almost unchanged

until reaching the maximal stress (Fig. 10(ii)). The stress then dropped abruptly owing to fiber

breaks in the upper 0° ply (Fig. 10(iii)). The upper 0° ply was cut obliquely to the top surface

to form the shear drop, and the major transverse crack that connected the upper and lower dies

appeared in the 90° ply (Fig. 10(iv)). In the case of the large clearance, additional cracks were

generated in the shearing zone (Fig. 10b(iv)). Further, the upper and lower 0°/90° interfaces

14



were delaminated.

350

300

250

200

Shear stress (M Pa)
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Displacement (mm)

Figure 9 Shear stress-displacement curves for the CP1 specimens, for four clearances.
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U]

(ii)

(i

(@) 0.05 mm clearance (b) 0.5 mm clearance

Figure 10 Accumulation of damage in the CP1 specimens tested at room temperature: (i) after
slight slope change, (ii) before reaching the maximal stress, (iii) after the steep drop in the
stress, and (iv) after further indentation for complete cut-off. The stress levels (i)-(iv) are

indicated in Fig. 9.
A larger clearance generated a larger local bending deformation between the upper and
lower dies that induced additional cracks in the 90° ply and led to the formation of a larger

delamination area. Figures 11a and 11b show the residual damage in the CP1 specimens after

16



complete cut-off. Delamination was observed in the fixed side coupon after complete cut-off,

and in the case of the large clearance (Fig. 11b) a transverse crack also remained in the 90°

ply. Delamination in the fixed side coupon was observed using soft X-ray radiography (Fig.

11c). The delamination length was almost constant along the specimens’ width dimension,

and the projected delamination area decreased almost linearly with a decrease in the

clearance.

A 5
Delamination 0.2 mm
(@) 0.05 mm clearance (b) 0.5 mm clearance
6 ‘ 0.6
O

O Z

—~ 5 405 %
1] o
E e
~ L _ i
= 4 0.4 g
(5] -
© 0 5 5
s 3r 95 103 =
= 2 S
3+ —
o @
= 2r H10.2 é
3 O Delamination area d
o 1L o J01 3
L Max. delamination length 3

0 ! ! ! ! ! 0

0 0.1 0.2 03 04 05 0.6
Clearance (mm)

(c) Delamination area versus clearance

Figure 11 Cut quality of the CP1 specimens, vs. the clearance.
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3.3 Temperature

Out-of-plane shearing was conducted at high temperatures (70°C, 90°C, and 110°C) to

investigate the influence of temperature on the machining-induced damage, while the glass

transition temperature Tq of the tested material was 92°C. Similar to the results obtained at

room temperature, a larger clearance induced a more severe machining damage in all of the

stacking sequences. Therefore, in what follows we describe the results obtained for the 0.05-

mm-wide clearance.

Figure 12 shows the results for the UDO specimens tested at different temperatures. The

shear stress-displacement curves for the UDO specimens (Fig. 12a) reveal that the maximal

stress does not change much with temperature, because the strength properties of carbon

fibers were not affected by the considered temperatures. The fixed side coupon tested at a

temperature lower than Tq (Fig. 12b) exhibited similar appearance to the coupon tested at

room temperature (Yashiro and Ogi, DOI: 10.1177/0021998318801454); there was no

obvious damage. At a temperature higher than Ty, a lateral crack (arrow A) was generated at

the center of the specimen thickness dimension, and a straight fiber-break line (arrow B)

appeared in the fixed side (Fig. 11c), which caused a plateau in the shear stress before

reaching the maximal stress. The shear stress decreased gradually after reaching the maximal

stress, probably because of the fiber/matrix debonding observed within 1 mm from the cut

surface (Fig. 12c).
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Figure 12 Results for the UDO specimens, for four temperatures.

Figure 13 shows the results for the UD90 specimens. The maximal stress decreased with an
increase in temperature, and the shear stress decreased gradually after reaching the maximal
stress at a high temperature (Fig. 13a). An additional crack was generated at the fixed side
despite the small clearance (Figs. 13b and 13c). These results suggest softening of the matrix

at a high temperature near Ty.
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0 0.1 0.2 0.3 0.4
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(@) Shear stress-displacement curve

Additional transverse crack Additional transverse crack

(b) Edge observation (70°C) (c) Edge observation (110°C)

Figure 13 Results for the UD90 specimens, for four temperatures.

In the case of multi-directional lamination, temperature dependence of the interlaminar
properties, as well as softening of the matrix, affected the damage progress. Figure 14 shows
the shear stress-displacement curves for the CP1 laminates, tested at different temperatures.
The overall trend was nearly the same, because the cutting process was dominated by the
fibers. The edge observations for the CP1 specimens cut at 70°C and 110°C are shown in Fig.
15, which reveals that the damage accumulation process at 70°C is almost the same as that at

room temperature (Fig. 10a). Delamination and micro-cracks in the 90° ply occurred in the

20



narrow shearing zone during the initial stage of the loading. With an increase in displacement,
the micro-cracks coalesced into a transverse crack, followed by fiber breaks in the 0° plies. In
the specimen that was cut at 110°C, a transverse crack remained on the fixed side, and

delamination was much larger than for the specimen that was cut at 70°C.
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100

50
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Figure 14 Shear-stress displacement curves for the CP1 specimens, for four temperatures.
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Delamination Delamination

(i)

(iil

Delamination Delamination

(@) 70°C (b) 110°C

Figure 15 Accumulation of damage in the CP1 specimens tested at high temperatures: (i)
after the slight slope change, (ii) before reaching the maximal stress, (iii) after the steep drop
in the stress, and (iv) after the complete cut-off. The stress levels (i)-(iv) are indicated in Fig.
14,

Figure 16 shows the edge observations for the CP2 specimens cut at different temperatures.

Similar to the CP1 specimens, the appearance of damage for the samples tested at 70°C was

22



almost the same as that for the samples tested at room temperature, and delamination was
generated at the interface between the second 90° ply and the third 0° ply. The ply interfaces
adjacent to the sixth 0° ply were also delaminated at a temperature over Tg, and the
micrographs suggest that oblique cracks in the transverse plies induced this delamination.
Figure 17 shows the projected delamination area for the CP2 specimens, measured using soft
X-ray radiography. The delamination area decreased slightly with an increase in temperature
(lower than Tg), but it increased steeply at temperatures above Tgy. Double-cantilever beam tests
at various temperatures indicated that the interlaminar fracture toughness increased
monotonically with an increase in temperature (Nakamura et al., 2015). However, in general,
the interlaminar strength degraded significantly at temperatures above Tgy. Delamination
increased significantly at temperatures above 90°C (approximately Tq) owing to the strength

degradation of the ply interfaces.
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Figure 16 Edge observations for the CP2 specimens after the complete cut-off.
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Figure 17 Relationship between the projected delamination area in the CP2 specimens and

the temperature.
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4. Discussion

In general, machining tools are often degraded by cutting CFRPs. The maximal stress is a

major factor that determines the tool’s lifetime. Figure 18 shows the relationship between the

maximal stress and shearing condition. In our experiments, the maximal shear stress

decreased with an increase in clearance and temperature. Although the cutting quality was

high for a small clearance condition, a clearance that is too small will reduce the tool’s

lifetime because of the elevated stress.

400 400
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S 300 ~ 1 2300+ : ]
Py 7 ;
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(@) Clearance (room temperature) (b) Temperature (0.05 mm clearance)

Figure 18 Change in the maximal shear stress with the test conditions, where the bars

represent the maximal and minimal values for a given condition.

This section presents a mathematical model to predict the maximal shear stress. In our
study, shear and bending deformation were observed during the shear cutting process. Onset
of fiber breaks can then be predicted using the following empirical failure criterion:

(5) +(F) =1 M
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where 7 is the nominal shear stress; o is the maximal bending stress at the surface and is a
function of the beam span (i.e., clearance c); max is the maximal shear stress under the zero-
clearance condition, which depends on the stacking sequence and temperature; F_ is the
strength of the 0° ply in the fiber direction; and n is a parameter within a range of 1 to 2. For a
laminate with 0° plies on its surfaces, the maximal bending stress at the surface is calculated
based on the classical lamination theory as follows:

_ t Qlltzc
o= QHEK— T (2)

where t is the thickness; Qi1 is the stiffness in the fiber direction of a unidirectional lamina;
D1 is the bending stiffness of the tested laminate; and « (= ztc/D11) is the curvature generated
by the maximal loading, where ztc is the bending moment per unit width. The nominal shear

stress is obtained from (1) and (2) as a function of the clearance:
-1/n
_ (LN (Qute n}
t= {(Tmax) + (ZDllFL) (3)

The prediction by (3) is plotted in Fig. 18a, where the material properties are listed in Table

1a. Note that zmax Obtained by linear regression of the experimental data (Table 1b) was used

in this calculation. The predictions with n = 1 agreed with the experimental results and

confirmed the semi-empirical model.

Table 1 Material properties used in the model.

(a) Mechanical properties (b) The maximal shear stress
Longitudinal Young’s modulus (GPa) 125 Tmax (MPa)

Transverse Young’s modulus (GPa) 9.55 uDoO, RT 352
In-plane Poisson’s ratio 0.25 CP1, RT 303
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Longitudinal strength (MPa) 1521 (1) CP2, RT 238

(*1) Ueda et al., 2012

The maximal shear stress under the zero-clearance condition, mmax, is then discussed based

on the contact theory, and the effect of the stacking sequence on the contact state is estimated.

The shear stress distribution obtained by the two-dimensional finite-element analysis of

shearing with zero clearance nearly coincided with the analytical solution for a semi-infinite

plate subjected to concentrated load. This means that wmax iS governed by the contact stress. In

the actual shearing process, the tip of the die will make contact with the plate with the finite

width. When the contact load distribution is considered to be elliptical, the analytical solution

of the shear stress is given as follows (Smith and Liu, 1953):

Tyy = q—noyzG 4)
A I—N/Kz/Kl

G - K_ g (5)
11/1{2/1{1\/2 1{2/1{1+(1<1+1<2—4b )/K1

Ki=MBb—-—x)?%+y% K, =(b+x)?*+y? (6)

where qo is the maximum of the distributed load and b is half of the contact width. zmax IS

equivalent to the external load when the maximal shear stress in the stress field reaches 350

MPa (Yashiro and Ogi, DOI: 10.1177/0021998318801454). One half of the contact width, b,

can be determined by additional tests and observations. To obtain the values of zmax as listed in

Table 1b, b is 0.18, 0.15, and 0.12 mm for UDO, CP1, and CP2, respectively. This difference

is interpreted qualitatively by the bending stiffness of the laminates. The CP2 lamination has

the smallest bending stiffness among the three laminations and experiences the greatest
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deflection, which results in a small contact width near the tip of the die.

The decreasing trend in tmax With increasing temperature is shown in Fig. 18b. However, the

reduction is small because the strength of reinforcing fibers as tested with the temperature

range in this study hardly changed. By contrast, as Fig. 17 shows, the delamination area

increases steeply beyond T4 because mechanical properties of epoxy rapidly change near Tg

typically as shown in Fig. 13a. Thus, the glass transition temperature is the threshold that

determines the cutting quality (i.e., the appearance of the cut surface and any residual

damage).

In terms of material integrity, CFRP laminates should be cut under a small clearance

condition at a high temperature that is slightly lower than T4 to minimize the damage. Based

on the systematic shearing experiments for the CFRP laminates used in this study, the

clearance should be less than 0.1 mm, and the appropriate temperature is 70—80°C. However,

in terms of wear of the die, a large clearance increases its lifetime. Thus, these two issues are

in trade-off relationship, and an allowable clearance condition needs to be identified using the

mathematical model for predicting the nominal shear stress.

5. Concluding remarks

A feasibility study of out-of-shearing for composite laminate plates was conducted. To

minimize the damage incurred by out-of-plane shear cutting, this study was done to
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systematically investigate the influence of cutting speed, clearance, and temperature on the

accumulation of damage in CFRP laminates. The cutting speed had a negligible effect on the

shear-cutting process within the tested range of speeds, up to 1000 mm/min. The clearance

was important for reducing the damage. In the simple cross-ply laminate, delamination and

transverse cracks were generated by the out-of-plane shear loading. A larger clearance

reduced the shear stress in the shearing zone but induced greater damage in all of the plies and

ply-interfaces, owing to an increased local bending deformation. A small clearance prevented

not only delamination but also shear drops of the cut surface. The clearance had significant

influence on the maximal shear stress that governs the tool’s lifetime. A mathematical model

is presented to estimate the maximal stress as a function of the clearance. The effect of

temperature was clearly observed in the transverse plies and ply interfaces. Although the

interlaminar fracture toughness increased monotonically with an increase in temperature, the

strength of the polymer matrix dropped rapidly near T4, and large delamination appeared at

temperatures above Tq4. Therefore, a temperature slightly lower than T4 could be the optimal

condition for avoiding excessive damage.
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Figure captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Morphology of a composite laminate. The CP1 lamination is depicted as an example.

Schematic of the out-of-plane shearing jig.

Shear stress-displacement curves for the UDO specimens, for different indentation

speeds.

Inclination of the cut surface against the bottom plane. Error bars in panel (b)

indicate the standard deviation.

Shear stress-displacement curves for the UDO specimens, for four clearances.

Edge observations for the UDO specimen after the onset of fiber breaks. Triangles

indicate the tips of the upper and lower dies.

Shear stress-displacement curves for the UD90 specimens, for four clearances. In the

case of 0.1 mm and 0.2 mm clearances, two-peak curves were also obtained for some

specimens.

Edge observations for the UD90 specimens immediately prior to the complete cut-

off.

Shear stress-displacement curves for the CP1 specimens, for four clearances.

10 Accumulation of damage in the CP1 specimens tested at room temperature: (i) after

slight slope change, (ii) before reaching the maximal stress, (iii) after the steep drop
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Fig. 11

Fig. 12

Fig. 13

Fig. 14

Fig. 15

Fig. 16

Fig. 17

Fig. 18

in the stress, and (iv) after further indentation for complete cut-off. The stress levels

(i)-(iv) are indicated in Fig. 9.

Cut quality of the CP1 specimens, vs. the clearance.

Results for the UDO specimens, for four temperatures.

Results for the UD90 specimens, for four temperatures.

Shear-stress displacement curves for the CP1 specimens, for four temperatures.

Accumulation of damage in the CP1 specimens tested at high temperatures: (i) after

the slight slope change, (ii) before reaching the maximal stress, (iii) after the steep

drop in the stress, and (iv) after the complete cut-off. The stress levels (i)-(iv) are

indicated in Fig. 14.

Edge observations for the CP2 specimens after the complete cut-off.

Relationship between the projected delamination area in the CP2 specimens and the

temperature.

Change in the maximal shear stress with the test conditions, where the bars represent

the maximal and minimal values for a given condition.
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