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Abstract

The grinding process of long fiber reinforced woven composite (LFRWC) is complicated due to the special structure of the
material. The force model is beneficial to understand, predict, and even control the machining process. In this study, a new force
model considering fiber orientation of LFRWC is developed based on energy balancing theory. Through the construction of a
mathematical model, the study demonstrates the correlation of grinding force with the processing parameters and the composite
fiber orientation. A semi-analytical force model based on the specific energy is obtained combining with single grain grinding
experiment of 3D orthogonal Si0,/Si0O,. The influences of grinding parameters on the grinding force are discussed and the major
material removal mode is researched. The results show that the predictable model has good consistency with the experimental
results, and fiber orientation has a major influence on grinding force. This research on one hand can be used to predict the
grinding force of LFRWC, thus conducting the machining and controlling their processing quality; on the other hand, it provides
a baseline for selecting the proper machine and tool for LFRWC processing.
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Nomenclature 0 Half of grain vertex angle (°)
Ry Grinding wheel radius (mm) P Angle between grain vertex and
h Height grain cutting into workpiece (mm) vertical direction (rad)
s(?) Cross-section area of grain cutting into Vi Workpiece displacement when wheel turned ) (mm)
workpiece (mm?) Vo Workpiece displacement when the
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t The moment grit reaches point B in
54 Bin Lin the first time (s)
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Sheng Fang Vend Removal volume of perpend.lcular to ﬁ‘;)er
fangsheng0666@163.com bundle end surface on direction 1 (mm®)
Voar Removal volume of parallel to fiber bundle
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Fy Horizontal force on x-direction

A1, A, Constant coefficient

01, B> Fitting coefficient of vy

uy Specific energy related to grinding direction

Vg Grinding wheel speed (mm/s)

Vi Workpiece feed rate (mm/s)

a, Grinding depth (mm)

t.max ~ Moment grit cuts out of workpiece (s)

n Number of grits cut out of workpiece

E Total work a single grit does in one cut (J)

fomax ~ The moment grit cuts out of workpiece
for the first time (s)

Hmax  The moment grit cuts out of workpiece

for the second time (s)
t The moment grit reaches point B in the
second time (s)
Vv Removal volume for one grit (mm?*)
u General specific grinding energy (J/mm®)
F, Normal grinding force (N)
Eena Energy removing unit volume perpendicular
to fiber bundle end surface on direction 1 (J)
berz  Energy removing unit volume
perpendicular to fiber bundle side surface
on direction 2 (J)

I] Volume ratio of fiber bundle end surface
on direction 1

b Width grit cutting into workpiece (mm)

Voert  Removal volume of perpendicular to fiber

bundle side surface on direction 1 (mm?®)

Vperz  Removal volume of perpendicular to fiber
bundle side surface on direction 2 (mm?)

Cr A constant related to the grinding process

Fy Vertical force on y-direction

ay, a,  Fitting coefficient of a,,

Y1, 7> Fitting coefficient of v,

R Safety coefficient

1 Introduction

LFRWC has been widely applied in acrospace, military, and civil
areas as it has high fracture toughness, high strength and modu-
lus, good heat-resistant property, and excellent wear-resistant per-
formance [1-4]. However, obvious anisotropy and inhomogene-
ity as well as processing damages like debonding between fiber
and matrix, fiber fracture, and matrix crack make obtaining high-
quality surface difficult thus resulting in LFRWC part failure.
Therefore, grinding is a main machining approach guaranteeing
its quality. Materials are removed through interactions between
the grains and workpiece [5], and the grinding process is influ-
enced by grinding parameters including wheel speed, workpiece
feed rate and grinding depth, tool geometry, and machined ma-
terial property [6—8]. Grinding force is one of the most important
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indicators to study the influence of the machining parameters on
the processing [9]. It originated from elastic and plastic deforma-
tions of the workpiece, as well as interactions among grains,
material, and debris [10, 11]. It is almost related to all grinding
factors and is fundamental for researching the grinding process,
designing the appropriate tool, and selecting the proper machine.
It is also a crucial indicator to evaluate material machining char-
acteristics. Therefore, establishing a corresponding force model
related to material properties and grinding parameters is vital to
investigate the grinding mechanism and predict the grinding pro-
cess of LFRWC [12].

So far, researches on machining force of ceramic material
both on experimental and analytical aspects have been in-
depth and thorough [5, 13—17]. But for LFRWC, because of
its complicated structure and various components, the corre-
sponding theory is superficial, and the grinding force model is
so different from that of ceramic and metal for the material’s
anisotropy that a lot of effort still need to be made to establish
the model. So far, one of the main focuses is on ultrasonic-
assisted machining of LFRWC and the corresponding force
model to improve processing quality [18-25]. But the effi-
ciency is lower and more costly than ordinary machining
methods’. Though the machining force model of ordinary
milling [26], drilling [27], and even grinding [28-30] of
LFRWC has also been researched, the theory is always based
on fracture mechanics, the maximum undeformed chip thick-
ness, or aggregate force including plowing, scratching, and
removing neglecting fiber orientation and idealizing the mod-
el because of the complication of woven structure and rein-
forced particles or short fibers.

In review of the previous work, though LFRWC grinding
force has been paid great attention and many experimental stud-
ies have already been made, the model considering fiber orien-
tation is a gap. Hence, a grinding force model for LFRWC in-
volving fiber orientation is essential. The present study fills the
gap and develops a grinding force model of LFRWC considering
fiber orientation based on the energy balancing theory. A semi-
analytical force model is obtained combining with 3D orthogonal
quartz fiber-reinforced silicon dioxide ceramic matrix (SiO,/
Si0,) composite single grain grinding experiment. The influence
of grinding parameters on specific energy and grinding force is
analyzed and the major material removal mechanism is
researched. The predictable model is verified. This research on
one hand can be used to predict the grinding force of LFRWC
thus conducting the machining and controlling their processing
quality; on the other hand, it provides a baseline for selecting
proper machine and tool for LFRWC processing.

2 Mathematical modeling

Figure 1 shows the grain movement during the grinding pro-
cess. Points A and C are the locations grit cuts in and out of
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Fig. 1 Sketch of grain movement (a) (b)
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workpiece the first time respectively. Points B and D are the =~ ¥ () = Rysin(vst/Ry) + vyt (5)
places the second time grain contacts and leaves workpiece  y(7) = R (1—cos(vt/Ry)) (6)

separately. What should be noted is point B is the coincident
point of grit motion track in the first and the second cutting.
Therefore, the removal volume is the shaded area BCD for
each cut in the following grinding process except for the first
one (Fig. 1a). Here, the model is idealized in which the first
cut’s difference is neglected and it is assumed that the material
is completely removed in each cut.

2.1 Grit relative motion track equation

As demonstrated in Fig. 1a, in the XOY coordinate system,
grit relative motion track equation is

X = Rysiny + Vy, (1)
v = Ry(1—cost)) (2)

in which R, (mm) is the radius of the grinding wheel, v (rad) is
the angle between grain vertex and vertical direction during
the grinding process, and V,;, (mm) is the workpiece displace-
ment in horizontal direction when the wheel turned at angle ).

According to the geometric relationship, it can be obtained
that

Y = vt /Ry (3)

v, 27Rvy, Y PRy,
V., =—1= _ 4
v 27r¢ Vg 27 Vg (4)

In the equations above, ¢ (s) is the time used when the wheel
turned at angle v, V, (mm) is the workpiece displacement in
horizontal direction when the wheel turned 27, v, (mm/s) is
the grinding wheel speed, and v,, (mm/s) is the feed rate of the
workpiece.

Substituting Eqgs. (3) and (4) into Egs. (1) and (2), grit
relative motion track equation changing over time is

2.2 Cross-section area of grain cutting into workpiece

During the wheel rotation process, # (mm) is the height grain
cutting into workpiece and a, (mm) is the grinding depth.
According to Fig. 1a, it can be obtained as follows:

cos(vst/Ry) = (Rs_ap)/(Rs_h> (7)
So,
h = Ry—(Ry—a,) /cos(vst/Ry) (8)

According to Fig. 1b, cross-section area of grain cutting
into workpiece is

Ri—a,

1 2
— — .2 ¥ N = 2t = Rs_i t.
(1) > htanf-h = h”tanf ( cos(t /Rs)> anf

Where 6 (°) is half of the grain vertex angle.
Because 1) = vt/R, is so small that

cos(vst/Rs)=1 9)
So,
s(t)=a,’tand (10)

2.3 Moments grit cutting into and out of workpiece

When grit cuts out of workpiece, 4 =0 in Eq. (7), so
c0S(Vstumax/Rs) = 1=a, /Ry (11)

Where £« (s) is the moment grit cuts out of workpiece for
each cutting process. Hence,
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R, R,
tumax = —arccos(l—%’) + 2}’17'(—(}'1 = 0, 1, 2, 3. ) (12)

s S VS

In Eq. (12), n =0 shows grit cuts out of workpiece the first
time and 7 = 1 is the second time, and so on. That is to say, at
point C n=0 and at point D n=1 in Fig. la, so

R a
tomax = —Sarccos (1__;7) s imax
v R

S S

Ry a Ry
== e Y e 13
arccos( I > L, (13)

VS S N

It is assumed that the moment grit reaches point B at adja-
cent two times is ¢; (s) and #, (s), respectively, hence,

x(t) = x(02)y(t1) = y(t2)
According to Egs. (5) and (6),
Rysin(vsty /Ry) + vyt1 = Rysin(vsty /Ry) + vtz (14)
Ri[1—cos(vst1 [Ry)] = Rs[1—cos(vstz /Rs)) (15)
From Eq. (15), it can be obtained
cos(vst /Ry) = cos(vsty /R)

Combining grit real motion track and trigonometric func-
tion knowledge, it can be seen that

vit1 /Ry = 2ty /Ry

So,

ty = 27R; /vyt (16)
From Eq. (14), it can be obtained

R[sin(vst1 /Rs)—sin(vsta /Ry)] = vy(t2—11) (17)
Substituting Eq. (16) into Eq. (17), then

sin(vst1 /Ry) = Ty /Vs—Vit1 /Ry
For 1) = vti/R, is so small that sin(v,t{/R,) = vt;/R,, then

v Ry
H=ma "% 18
! TerVs+Vw (18)

Substituting Eq. (18) into Eq. (16), then
RS' w
tz”‘(z— ’ ) (19)

Vg Vg + Vy

To identify which is the moment grit reaches point B the
first time, the value of #; and #, is compared with each other’s,
then

h—t =

2 Rs w
T (1 v ) >0
Vs + Wy

S
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Therefore, ¢; is the moment grit reaches point B the first
time and £, is the moment in the second time.

2.4 Contact arc length between the grain
and workpiece

The unit contact arc length d/ during the grinding process is
calculated as follows:

dx = (vscos(vst/Ry) + v, )dt
dy = vsin(vst/Ry)dt
dl = \/dx® + dy? = \/v% + 2vevycos(vst /Ry) + v, 2dt

Because of Eq. (9), then
dl=(vs + v, )dt (20)

Therefore, the contact arc length between the grain and
workpiece for one cutting process is

L= dl =™ (v, +v,,)dt
RS S w w
= Rt + ) {arccos (1—6P> + } (21)

Vg Ry Vs + Wy

Assuming that o = arccos (1 - a,/R,), then

cosa = 1-a, /Ry, sina = V1-cos?a = y/2a,/Ry—a,? /R

For a, < R, so
a,’ | R?=0, sina=a

That is to say,

a=y/2a,/R—a,? |R>=\/2a,/R; (22)
\/ p p \/ p

Substituting Eq. (22) into Eq. (21), then
/= Ri(vg +vy) < 2a, N TV >
R,  vi+v,

Vs
= \/2a,R; + VV—W(, /2a,R; + R,) (23)

2.5 Removal volume for one cut

Based on Fig. 1a, removal volume for one grit is

11+ Imax
1+ tomax

V= [ s()di=f s(e)dl = 1) 7 s(0)dl (24)

Substituting Egs. (10), (13), (18), (19), and (20) into Eq.
(24), then

1)+ max
24-tomax

V=] ay*tand(vs + v, )dt = 2mRstanda,* v, /v, (25)
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2.6 Specific grinding energy model

Specific grinding energy reflects the consumed energy for
removing unit volume workpiece material. During one cutting
process, the total work single grit does is £ = F(v; + v,,) (1 max
—t,) where F, is the tangential grinding force and the total
removal volume is Vas Eq. (25) shows. Therefore, the specific
grinding energy is

u =EJV

~ Fi(vs +wy) arccos(lfap/Rs) + v/ (Vs + Vi)
- 2a,?v, tanf 0

(26)

In general, the general specific grinding energy u =

F/(V5+Vw)
2

when grinding depth is a,, for single grain grinding. Here, b =
2a, tan 0; so,

in which b is the width grit cutting into the workpiece

- Fi(vy +1vy)

= 27
2a,v,tanf @7)

In Section 4.1, the model we proposed is compared with
the general model and its reasonability is explained.

2.7 Grinding force analytical model

Figure 2 shows the relation sketch between fiber orientation of
3D orthogonal LFRWC and grinding direction. There are two
fiber orientations on both grinding directions respectively:

Process Direction

Perpendicular to

Fiber Bundle End
Surface

Process Direction
Parallel to Fiber
Bundle Side
Surface

Process Direction
Perpendicular to
Fiber Bundle Side
Surface

Fig. 2 Relation sketch between fiber orientation of 3D orthogonal
LFRWC and grinding direction

perpendicular to fiber bundle end and side surface on direction
1, and perpendicular and parallel to fiber bundle side surface on
direction 2.

It is assumed that the required energies removing unit vol-
ume perpendicular to fiber bundle end and side surface are
respectively Ecnq and E,rp on direction 1, that removing unit
volumes parallel and perpendicular to fiber bundle side sur-
face are Ey, and Ep,er0, and the volume ratios of fiber bundle
end surface on direction 1 and parallel to fiber bundle side
surface on direction 2 are 3 and ~y separately, then

On direction 1:

Vend = ﬁV, Vperl = (1*ﬁ)V
On direction 2:
Vpar = 7V7 Vper2 = (177)‘/

Where Vg and V¢, are the removal volumes of perpendic-
ular to fiber bundle end and side surface on direction 1, Vi,
and Vi, are the removal volumes of parallel and perpendic-
ular to fiber bundle side surface on direction 2.

So on direction 1, the needed energy removing volume Vis

E\ = VendEend + VpertEperl = EendBV + Epert (1-8)V (28)
On direction 2, the needed energy removing volume V'is

Ey = ViaEpar + Vper2Eperz = EparyV + Epcrz(lf'y)V (29)
According to energy balance in one cut, so

E=Fl (30)

Substituting Egs. (23), (25), (28), and (29) into Eq. (30),
then
On direction 1:

27Rtanfa,* vy [Eend 3 + Epert (1-0)]

F,=E|/l= 31
(=E/ SR (v ) + 7Ry G31)
On direction 2:

2R tanfa,*v,, | E Epera (1—
F, = Ez/l _ . ap”v [ par”Y + pcr2< 7)} (32)

/2a,Rs(vyy + v5) + TR,

In the formulas above, Eend, Eperts Epar and Eper are all
related to processing parameters and material properties of
each fiber orientation.

If the composite is not 3D orthogonal, fiber orientation
cannot be identified obviously, assuming that u,= E..q3+
Eper1(1 = ) or up= Epyy + Epera(1 — ), then

F = ZWRStanOapszu £ (33)

2a,Rs (v + vg) + TRy,
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In which u,is the specific energy related to grinding direc-
tion and fiber orientation.

Then, normal force F,, can be obtained through formula
(34) as follows:

F,=(F,+Cp)/p (34)

Here, p is the friction coefficient among grinding grain,
processed material surface, and debris, and Cr is a constant
which is related to the grinding process.

3 Experiment

Grinding experiments are performed on the JDUT400E CNC
Machine. The grinding wheel is customized with a single
diamond grain and its specific parameters are in Table 1.
The real grinding process is shown in Fig. 3. The dynamom-
eter is Kistler 9257A and the data acquisition system is Kistler
5070A. The workpiece used for this investigation is 3D or-
thogonal SiO,/SiO, which is used in the structural compo-
nents of aerospace field. The relation between fiber orientation
and grinding direction has been reflected in Fig. 2. The spec-
imens have the dimensions of 50 mm x 25 mm % 15 mm and
grinding is along the longest direction with the grain engaged
across the entire workpiece length. Single-factor experiment is
adopted. Experimental condition is reflected in Table 1. What
should be highlighted is when one of the grinding parameters
changes, the other two are those with parentheses and fixed.
Grinding type during the process is up-grinding without cool-
ant and dynamometer sampling frequency is 20 kHz. The
ground surfaces are observed using Phenom SEM after
experiments.

4 Results and discussion
4.1 Specific grinding energy

During the grinding process, forces in x-direction and y-direc-
tion are acquired by a dynamometer, then the tangential force
F; and the normal force F), are calculated by Eq. (35) as fol-
lows:

Table 1  Experimental condition

Types Content
Grinding wheel radius R, (mm) 13.6
Grain vertex half angle 6 (°) 38.7

1000, 1500, (2000), 2500, 3000
(500), 550, 600, 650, 700
(0.1), 0.12, 0.14, 0.16, 0.18

Grinding wheel speed v, (r/min)
Feed rate of workpiece v,, (mm/min)
Grinding depth a,, (mm)

@ Springer

F, = F.sinf + Fycos; F, = Fcosff —F,sinf (35)

Where 6 = 2/3 arccos(1 — a,/Ry), it is the included angle be-
tween the vertical force F, on the y-direction and the normal
force F), acting on the grinding zone [14]. F, is the horizontal
force on the x-direction. Through Egs. (26) and (27), the spe-
cific grinding energies of our proposed model and the general
model are obtained. Their changing trends with different
grinding parameters are shown in Fig. 4. It shows that the
specific grinding energy sharply decreases with increasing
wheel speed and increases slightly with the increasing feed
rate and grinding depth on both processing directions.
Specific energy of direction 1 is larger than that of direction
2 under the same processing parameters. The proposed spe-
cific energies and the general ones have the same changing
trends with each other under grinding parameters, but the
values and the order of magnitude have an enormous differ-
ence. Why is there such a big variance?

The general specific energy model is obtained on a macro-
scopic scale which thinks that all grains on the wheel are
taking part in the grinding process and they have no period
without contact with the workpiece. So, the removal volume
of unit time is an expected value. But on a microscopic scale,
the real situation is different. Not all grains participate in the
process and some of them may not come in contact with the
workpiece during one cut because the heights of the grain
edge are different relative to workpiece under some depth.
Therefore, even in the conventional wheel grinding process,
the specific energy calculated according to the general model
is bigger than the real value. So, the general specific energy is
just an expected value.

There are two main factors resulting in the difference be-
tween the general and the proposed models. In the proposed
model, the specific energy is deduced on a microscopic scale.
One main factor is the model in our research is based on single
grain which is always taking part in the machining in each cut.
The grain edge height is constant relative to the workpiece
when the grinding depth is fixed. The other main factor is
the model considers the contact period from #, to #y.x be-
tween the grain and workpiece in one cut as Section 2.3
discussed. It can be obviously known that from the moment
1max to the next time grain cutting into workpiece, single grain
no longer has contact with material and does not take part in
grinding anymore. Therefore, the angle ratio comparing Eqs.
(26) and (27) appears and the specific energy is smaller.

In fact, for each grain taking part in grinding, it does not
always have contact with the workpiece during conventional
wheel grinding, but when it cuts out of workpiece or is within
cutting process, there are other grains participating in cutting.
Therefore, for conventional wheel grinding, the process is
successive on a macroscopic scale; but for single grinding,
the process is discontinuous no matter on a macroscopic or
microscopic scale.
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Fig. 3 Grinding experiment setup

4.2 Grinding force semi-analytical force model

Because it is difficult to obtain the required energy removing
unit volume of each fiber orientation, a whole specific energy
related to grinding parameters and fiber orientations on each
grinding direction is assumed. Therefore,

’

EenafB+ Eperl (l_ﬁ) =u

9

Grinding Wheel

3D SiO2/Si02

Epary + EperZ(l_V) = ”21

= Aya,™(vy/10,000)™ (v,,/10)7 (37)

In Egs. (36) and (37), Ay, A, a1, a2, 51, 32, V1, and 7y, are
the fitting coefficients which are related with fiber orientation; the
units of a,,, v, and v,,, are millimeter, millimeters per second, and
millimeter per seconds. The constant coefficient 10,000 of v, and
10 of v,, is to adjust the order of magnitude. The conversion

= Ara," (v5/10, 000)"’1 (v /10)" (36) relationships of different units v and v, are shown as follows:
Fig.4 Trends of specific grinding (a) 63, (b) 2,
energy with different grinding 54] 24]
parameters. a, ¢, e General ~ 15 o~ 20l f
specific energy. b, d, f Proposed = | E ’
; 364 164 .
specific energy L\‘—:) 5 i
= 27 = 124
=] S i
18] 08{ »._ ]
9/ 0.4 e T,
0l— , , . : . : . ; ;
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
(©) Grinding Wheel Speed (r/min) () Grinding Wheel Speed (r/min)
50 2.0,
i i
— 40 — 15
E a0 £ 1
35 . : S 10{ ;
5 20 i 5 - i
10 ‘_”_i/_i,’_’———{ 0.5 L i L 3
0l— . . . 0.04+— ; : , ,
500 600 650 700 500 550 600 650 700
(e) Feed Rate (mm/min) ) Feed Rate (mm/min)
36+ 1.6
i .
301 1.4 T
Ea ] m’g 12 - F
E 24 £
S S 1of
S 184 -
> 3 08 ,
12 . 06] eeeeiioone- [ Fooee- s
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010 012 014 016 0.18
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vy(mm/s) = 2R, v (r/min) /60 (38)
vw(mm/s) = v, (mm/min)/60 (39)

According to the experimental results, the fitting coeffi-
cients are obtained through simulated annealing algorithm.

ur = 3.053a,%7% (v,/10,000) " (v,,/10)*#> (40)
uy = 0.675a,"%" (v,/10,000) "** (v,,/10)*4 (41)

The fitting coefficients in Eqs. (40) and (41) are corre-
sponding to the trends of specific energy in Fig. 4b, d, f.
Substituting Egs. (40) and (41) into Egs. (31) and (32), the
semi-analytical tangential force models of both grinding di-
rections are acquired.

206.47TR5tal’19V370'59661p2‘769VWl‘855

_ 42
i 2a,Rs(vyy + v5) + TRy, 42
1 120.37rRstan9v[0'841 a 2.611 VW04445

/2a,Rs(vyy + vg) + TRy,

Figure 5 is the grinding force ratio of different processing
parameters on both directions. Through linear fitting, the re-
lation between F,, and F; is obtained as Egs. (44), (45), and
(46) show. Then, the semi-analytical normal force models can
be calculated through Egs. (42) and (43).

When the grinding wheel speed changes:

Fu | _ [ (Fa+0.090)/0.685
{ Fn; } B { (F; + 0.354)/0.834} (44)

When the feed rate changes:

When the grinding depth changes:
{ F } _ { (Ft1—0.597)/0.340} (46)

F (F,—0.121)/0.390

It can be known from Fig. 5 that the friction coefficient be-
tween tool and workpiece of direction 1 is smaller than that of
direction 2 during grinding. Figure 6 shows the SEM images of
ground surface on both directions. It reflects that on direction 1,
material removal modes are simple: fiber side surface is sheared
off with smooth fracture, fiber end surface is cut off (Fig. 6a), and
plastic deformation occurs on matrix around grain apex (Fig. 6b).
The contact zone between the grain and workpiece has no re-
maining debris; while on direction 2, the removal modes are
varied: parallel to fiber bundle side surface is broken (Fig. 6¢)
or fractured debonding from matrix (Fig. 6d), perpendicular to
fiber bundle side surface is sheared off with irregular fracture
(Fig. 6e), matrix is cracked (Fig. 6f), but there are quantities of
debris including fractured fibers and cracked matrix leaving the
contact zone. The remaining debris and irregular fracture will
increase the friction interaction between the grain and workpiece.
Therefore, the friction coefficient of direction 1 is smaller than
that of direction 2. The removal mechanism is brittle fracture of
fiber and matrix except for partial matrix plastic deformation
around cutting edge.

4.3 Force model verification

Figure 7 shows the experimental and fitting results of grinding
force with changing processing parameters. The fitting results are
in good accordance with the experimental ones, which reflects
the force model is reasonable. Meanwhile, grinding force has the
similar trend with specific energy (Fig. 4), while the processing
parameters change. That is because a larger wheel speed will

F,, (Fu—0.204)/0.387 reduce the plastic deformation and increase brittle fracture of
{ Fp } - { (F,—0.032)/0.431 } (45)  the material, thus causing the grinding process to be steadier,
n . . . o
the specific energy and the grinding force to decrease.
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Fig. 5 Grinding force ratio of different processing parameters. a Under changing wheel speed. b Under changing feed rate. ¢ Under changing grinding

depth

@ Springer



Int J Adv Manuf Technol (2019) 100:541-552

Fig. 6 SEM images of ground
surface. a, b Grinding direction 1.
¢, d, e, f Grinding direction 2

Increasing feed rate, inversely, reduces the brittle fracture and
increases the plastic deformation of the material resulting in a
larger specific energy and grinding force. Larger grinding depth
means cutting more layers of fiber at one time. Therefore, the
integrated effects make the specific energy and the grinding force
increase. From the global, the force and the specific energy are
not just going up or down, there are some fluctuations with the
grinding parameters. The main reason is that the presence of
reinforced fibers causes their fluctuations [30].

4.4 Maximum grinding force during processing

During the grinding process, average force is the stable output
response of material to the machine input, while the maximum

force is the instant output response, so it has a huge destruction
to the processing machine and the tool. Therefore, the maxi-
mum force during processing is the test of the impact resis-
tance of the machine and the tool and is also the fundamental
standard for their selection. In our experiment, the maximum
ratio between the maximum and average force is 2.79, so
assuming the safety coefficient R is 3, then the analytical
model of the maximum force is obtained by Egs. (31) and
(32) multiplying safety coefficient R.

Figure 8 shows the changing trends of maximum grinding
force with different processing parameters. It also has the
same tendency with the average force and the specific energy.
The normal forces are always bigger than the tangential ones
on both directions. That is because SiO, fiber is a hard and

@ Springer
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Fig. 7 Comparison between
experimental and fitting results. a
F, on direction 1. b F,, on
direction 1. ¢ F; on direction 2. d
F,, on direction 2

brittle material; during the grinding process, it is more difficult
for grain edge cutting into workpiece than moving along it.
Therefore, the normal force is larger than the tangential one.

Fig. 8 Maximum grinding force
with different processing
parameters. a, ¢, e Direction 1. b,
d, f Direction 2
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grinding parameters. The reason is on direction 1, removing
material should cut off fiber end surface and shear off fiber
side surface. While on direction 2, perpendicular to fiber side
surface is sheared off and meanwhile there is no fiber bundle
end surface playing a fixing role at both its sides which leads
to irregular cutting fracture, so the needed energy removing
them is slightly larger than that for direction 1 because of the
friction between grain and fibers with varying lengths; for
parallel to fiber bundle side surface, long fibers suffer pressure
along its length orientation then break easily because of the
unstable principle of compression beam for slender rod, or
they debond from matrix owing to the weak interlaminar per-
formance, so the needed energy is much smaller than remov-
ing the same volume fiber end surface on direction 1. The
integrated energy removing the same volume material on di-
rection 2 is smaller than that for direction 1, so the force is also
smaller. Because fiber orientation is different on both process-
ing directions, the removing energy required and the grinding
force are varied. Therefore, fiber orientation has a major in-
fluence on specific energy and grinding force.

5 Conclusions

In this study, a new force model of LFRWC considering fiber
orientation was proposed based on energy balancing theory
and verified with the single grain grinding experiment results
of 3D orthogonal SiO,/Si0,. The main findings are listed as
follows:

1. The study modifies the specific grinding energy model
and proposes an analytical model to predict LRFWC
grinding force in single grain processing in terms of fiber
orientation.

2. The study establishes a semi-analytical force model
aiming at single grain grinding of 3D orthogonal SiO,/
Si0O, composite using simulated annealing algorithm. The
model is well verified by experiment results and is proved
to be viable.

3. The mechanism on how fiber orientation influences spe-
cific and grinding force is explained based on experiment
results and SEM images combining with friction and
pressing staff steady theory.

4. Through the grinding experiments, the grinding force and
the specific energy decrease with the increasing wheel
speed but increase with the increasing feed speed and
grinding depth.

5. The maximum force during the grinding process is the
reference standard to choose the machine and the tool.
Its theoretical model can be obtained through multiplying
the average force model by a safety coefficient.

6. During grinding process, the force and specific energy of
direction 1 are always larger than those of direction 2 and

the normal force is always bigger than the tangential
force.

7. The main removal mode of 3D orthogonal SiO,/SiO,
composite during the grinding process is brittle fracture
of fiber and matrix except for partial matrix plastic defor-
mation around the cutting edge.
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