
RESEARCH ARTICLE

Machinability investigation in turning of high

density fiberboard

Zhaolong Zhu1☯, Dietrich Buck2☯, Xiaolei Guo1☯, Mats Ekevad2☯, Pingxiang Cao1*,

Zhenzeng Wu3☯

1 College of Material Science and Engineering, Nanjing Forestry University, Nanjing, Jiangsu, China,

2 Division of Wood Science and Engineering, LuleåUniversity of Technology, Skellefteå, Sweden,

3 Department of Material Engineering, Fujian Agriculture and Forestry University, Fujian, China

☯ These authors contributed equally to this work.

* njfucpx@gmail.com

Abstract

A series of experiments were conducted to assess the machinability of high density fiber-

board using cemented carbide cutting tools. The objective of this work was to investigate the

influence of two cutting parameters, spindle speed and feed per turn, on cutting forces, chip

formation and cutting quality. The results are as follows: cutting forces and chip-breaking

length decrease with increasing spindle speed and decreasing feed per turn. In contrast,

surface roughness increases with decrease of spindle speed and increase in feed per

turn. Chips were divided into four categories based on their shape: dust, particle, splinter,

and semicontinuous chips. Chip-breaking length had a similar tendency to the variance

of cutting forces with respect to average roughness and mean peak-to-valley height: an

increase in the variance of cutting forces resulted in increased average roughness and

mean peak-to-valley height. Thus, high cutting speed and low feed rate are parameters suit-

able for high-quality HDF processing and will improve not only machining quality, but pro-

duction efficiency.

Introduction

High density fiberboard (HDF), an engineered wood product with a density of 800–1,100 kg/

m3, is produced from wood fibers by the addition of wax and resin adhesive. HDF panels are

formed in a press at high temperature and pressure [1, 2]. Machining of HDF plays a signifi-

cant role in determining the characteristics of the resulting product, namely its resistance to

deformation, strong nail grip, uniform texture, and high dimensional stability [3, 4]. HDF pan-

els are used in different fields for applications such as furniture, flooring, and packaging. In

2016, the sales volume of laminate flooring, an HDF product, was 2.15×108 m2 in China,

according to statistics from the China Forest Products Industry Association [5].

Cutting tools play a decisive role in the speed and quality of wood processing. However,

ordinary tool materials, like high-speed steel and spring steel, are inadequate to satisfy the

demands of modern wood processing due to the tannin and adhesive content of wooden prod-

ucts, which shorten tool life via corrosion. What’s more, unlike metal, aluminum, or plastic,

PLOS ONE | https://doi.org/10.1371/journal.pone.0203838 September 13, 2018 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPENACCESS

Citation: Zhu Z, Buck D, Guo X, Ekevad M, Cao P,

Wu Z (2018) Machinability investigation in turning

of high density fiberboard. PLoS ONE 13(9):

e0203838. https://doi.org/10.1371/journal.

pone.0203838

Editor: Antonio Riveiro Rodrı́guez, University of

Vigo, SPAIN

Received: May 8, 2018

Accepted: August 28, 2018

Published: September 13, 2018

Copyright: © 2018 Zhu et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Data Availability Statement: All relevant data are

within the paper.

Funding: This work was supported by National

Science Foundation of China (31500480), the

Priority Academic Program Development of

Jiangsu Higher Education Institutions (PAPD), the

Doctorate Fellowship Foundation of Nanjing

Forestry University.

Competing interests: The authors are grateful to

Leitz Tooling System Co. Ltd. for supplying the

cemented carbide blades, and to Jiangsu Kentier

Wood Co. Ltd. for supplying the samples of HDF

https://doi.org/10.1371/journal.pone.0203838
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0203838&domain=pdf&date_stamp=2018-09-13
https://doi.org/10.1371/journal.pone.0203838
https://doi.org/10.1371/journal.pone.0203838
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


wood-based materials tend to be anisotropic and heterogeneous, especially solid wood, which

has three main directions: tangential, longitudinal, and radial; this anisotropy severely reduces

the lifetime of cutting tools [6], especially ceramic cutting tools with high hardness but poor

toughness [7]. Although diamond cutting tools have a sharp edge, with a hardness of 10000

HV, their high price is a negative because it significantly increases the production cost [8].

The most widely used type of cutting tool on the market today are cemented carbide cutting

tools. They are primarily made from a large volume fraction of fine grain refractory metal car-

bide in a metal binder and are popular among the overwhelming majority of industrial users

because of their excellent performance, including outstanding wear resistance, heat resistance,

corrosion resistance, toughness, and high hardness, even at high cutting temperatures [9, 10].

A review of the literature shows that cutting forces, chip formation and cutting quality are

major subjects in cutting studies. The cutting forces in machining medium density fiberboard

have been discussed by Dippon et al. [11]; the forces were expressed as functions of tool geom-

etry, cutting constants, and uncut chip area. Their results showed that the pressure exerted by

the uncut chip on the rake face is bigger than the friction on the same area. Zhu et al. [12, 13]

analyzed the cutting forces acting on the cutting edge when machining HDF using ceramic

cutting tools. They showed that the cutting forces grow with increasing cutting distance,

decreasing rake angle and increasing wedge angle. The cutting performance of cemented car-

bide cutting tools in machining three types of wood–plastic composites was examined by Guo

et al. [14], who described that chip thickness had the most significant influence on cutting

forces, while rake angle and edge radius had less of an influence.

Ohtani et al. [15] researched the chip formation process in the cutting of wooden porous

materials, showing that the shear angle of wooden porous materials changed in the range of

approximately eighty degrees when measuring the deformations of individual cell walls. A

power-type function empirical mathematical model which displayed the chips’ apparent den-

sity drops with decreasing cutting speed, increasing feed rate, decreasing steel hardness, and

increasing cutting depth was established by Besliu et al. [16]. They used experimental research

on chip deformations generated in high speed face milling of tool steel X210Cr12 to develop

the model.

Finally, cutting conditions (tool wear, cutting geometry, cutting parameters, etc.) and work-

piece properties (species, moisture content, density, etc.) also have a significant influence on

cutting quality [17]. The roughness of the machined surface of a wood flour–polyvinyl chloride

composite after up-milling using cemented carbide cutting tools was experimentally deter-

mined by Guo et al. [18, 19]. Their results showed that cutting quality at high cutting speed is

greater than that at a low cutting speed with the same average chip thickness, and the cutting

quality improves with a decrease of the sharpness, nose width, and roughness of worn clear-

ance face. Malkoçoğlu et al. [20] used samples of six types of natural wood to study the surface

roughness in planing processes. Their results showed that rake angle has a greater impact than

feed speed on surface roughness, and the surface roughness of earlywood is higher than that of

latewood.

Although extensive research has been focused on the machinability of wood-based mate-

rial, there is still a dearth of scientific data about the machining properties of HDF turned

with cemented carbide cutting tools. HDF is one of the most common furniture-making

materials, an application which requires a high-quality surface. Thus, it is necessary to adjust

cutting parameters to improve the machining efficiency and production quality of HDF

workpieces.

To that end, the objective of this paper was to determine the machinability of HDF in the

turning process using cemented carbide cutting tools. Using statistical analysis, the effects of

the cutting parameters spindle speed and feed per turn on cutting forces, chip deformation
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and machined quality were evaluated. We hope the results are appropriate for use as a guide-

line for wood processing.

Materials and methods

Workpiece

HDF used as the test samples in these experiments was supplied by the Power Dekor Group

Co. Ltd., China. The samples were formed as discs, 120 mm diameter × 8 mm thickness. They

were a 3:7 mixture of poplar (Populus alba) and pine (Pinus spp) fiber formed by applying 13

wt% of urea formaldehyde resin under conditions of 180–220˚C and 7–10 s/mm pressing.

Their detailed material properties are shown in Table 1.

Cutting tools

Specific parameters of the cemented carbide cutting tools are displayed in Fig 1. The blades

fixed on the cutter body were manufactured by powder metallurgy using tungsten carbide,

cobalt, and other compounds (Leitz Tooling Systems Co. Ltd., China); their chemical composi-

tion and mechanical properties are provided in Table 2.

Experimental design

Nine different combinations of cutting parameters were used to evaluate the cutting perfor-

mance of cemented carbide cutting tools when machining HDF. Each set of cutting parame-

ters was applied and measured five times (Table 3). Experiments were conducted on a

Table 1. Mechanical and physical properties of HDF workpieces.

Machining workpiece Modulus of ruptureab (MPa) Modulus of elasticityab (MPa) Densityab (kg/m3) Moisture content (%)

HDF 49.7 (0.19) 4312 (0.03) 861 (0.01) 6.8 (0.01)

a Each value is the mean of ten measured values of ten samples
b Number in parentheses is the variation coefficient based on ten measurements

https://doi.org/10.1371/journal.pone.0203838.t001

Fig 1. Schematic diagram of the cemented carbide cutting tools. a. cutting angles, b. edge radii, c. dimensions, d.

microstructure (WC: tungsten carbide, Co: cobalt).

https://doi.org/10.1371/journal.pone.0203838.g001
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commercial lathe by face turning (CA6140, Shenyang Machine Tool Co. Ltd., China), as

shown in Fig 2b.

As described in Fig 2d, cutting forces exerted by the cutting edge were decomposed into

normal force, Fx, and tangential force, Fy, which were defined as the component forces parallel

and perpendicular to the feed direction, respectively. In this work, a short time constant of 0.5

Table 2. Chemical composition and mechanical properties of the cemented carbide blades.

Blades Chemical compositions Mechanical properties

Cemented carbide WC

(w%)

Co

(w%)

Others

(w%)

Thermal conductivity

(W/m�K)

Bending strength

(GPa)

Hardness

(HRA)

Density

(g/cm3)

89.6 9.8 0.6 75.36 1.48 88 14.7

https://doi.org/10.1371/journal.pone.0203838.t002

Table 3. Turning parameter combinations.

Test number Spindle speed (n, r/min) Feed per turn (Fn, mm/r)

1.1 250 0.1

2 250 0.2

3 250 0.3

4 710 0.1

5 710 0.2

6 710 0.3

7 1120 0.1

8 1120 0.2

9 1120 0.3

https://doi.org/10.1371/journal.pone.0203838.t003

Fig 2. Turning system. a. chip deformation, b. face turning, c. cutting quality, d. cutting forces.

https://doi.org/10.1371/journal.pone.0203838.g002
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s was chosen to measure the fast time-variant cutting forces. The dynamic force signals were

detected by a sensor (Kistler 9257B, Switzerland) at a rate of 7,100 samples per second and

then sent to a charge amplifier (Kistler 5070A, Switzerland), which was used to amplify and

condition input data. The mean value and variance of cutting forces at each condition were

calculated by the following equations:

Fx ¼
Xn

i¼1

xi

.
n ð1Þ

Fy ¼
Xn

i¼1

yi

.
n ð2Þ

Vx ¼
X
ðfx � FXÞ

2
.
n ð3Þ

Vy ¼
X
ðfy � FyÞ

2
.
n ð4Þ

where Fx is the mean value of normal force (N); Fy is the mean value of tangential force (N); fx
is the real-time value of normal force (N); fy is the real-time value of tangential force (N); and n
is the sample number, 3550.

Meanwhile, different shapes of chips formed from removal HDF material were collected, as

can be seen in Fig 2a. The morphology and other characteristics of these chips were observed

using an optical microscope (Swift-Duo, Vision Instruments Ltd., England). The breaking

lengths of collected chips were also used to evaluate chip formation, which is the length of a

broken chip [21].

Finally, after the turning experiment was finished, as presented in Fig 2c, the cutting quality

of the machined surface was measured by a surface roughness measuring instrument

(S-NEX001SD-12, Vision Instrument Co. Ltd, Japan) and a three-dimensional surface topog-

raphy profilometer (OLYMPUS DSX510, Japan). Based on the GB/T 1031–2009 and GB/T

131–2006 (ISO 1302:2002), the quality of machined workpiece was evaluated as average rough-

ness (Ra) and mean peak-to-valley high (Rz), which are often important indicators of produc-

tion quality [18, 19].

Results and discussion

Effects of cutting parameters on cutting forces

Cutting forces as a function of spindle speed for various feed per turn values are shown in

Table 4 and Fig 3. On one hand, both Fx and Fy decreased with an increase in spindle speed.

As the increasing spindle speed raised the cutting temperature between tool face and work-

piece, it reduced the strength of HDF and decreased the friction between clearance face and

Table 4. Results of mean cutting forces at different cutting parameters.

Test number 1 2 3 4 5 6 7 8 9

n (r/min) 250 250 250 710 710 710 1120 1120 1120

Fn (mm/r) 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

Fx (N) 53.2 68.5 90.6 48.8 67.5 84.3 43.9 61.3 78.6

Fy (N) 132.2 184.5 243.6 122.7 180.2 239.2 118.6 174.6 228.7

https://doi.org/10.1371/journal.pone.0203838.t004
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machined HDF surface. On the other hand, cutting forces tended to decrease with a decrease

in feed per turn, mainly due to the corresponding reduction in cutting capacity per unit time.

With the same spindle speed, decreasing feed per turn reduced the cutting thickness, which

decreased the forces acting on the cutting edge due to the removal of less material from

workpiece.

These results are similar to those found in previous research. Changes in cutting force were

explored by Zhu et al. [13] in turning HDF by ceramic cutting tools; they also showed that the

cutting forces were negative to spindle speed, but positive to feed per turn. In line with those

findings, the results of this study suggest that machining parameters of high spindle speed and

low feed per turn during HDF processing can decrease energy consumption and improve pro-

duction efficiency.

Mechanism of chip formation

Chip formation during cutting with different parameters is illustrated in Fig 4. Firstly, the

cutting edge sheared the HDF material along the cutting plane (Fig 4a and 4b). Then, the cut-

ting layer of HDF was squeezed by the rake face, and the material removed was formed into

chips with different shapes (Fig 4c). According to the experimental results, the chips of HDF

were mainly divided into four categories based on their shape: dust chips (Fig 4d and 4h),

particle chips (Fig 4e and 4i), splinter chips (Fig 4f and 4j) and semicontinuous chips (Fig 4g

and 4k), listed here in order of increasing chip-breaking lengths. During machining of solid

wood, five kinds of chips are commonly produced, namely flow, split, compressive, shear

and tear chips [22]. Other than the semicontinuous chips of HDF similar to the flow chip of

solid wood, the other chip shapes of HDF were different from those produced by machining

solid wood.

Dust chips, a powdered form of removed material, had a chip-breaking length of less than

1 mm, and were easily generated at a very small feed per turn of around 0.1 mm/r. In this

case, the chip thickness of HDF was small, and the strength was very low. The fiber bundles

and adhesive of HDF tended to be crushed into powder form under extrusion from the rake

face.

Particle chips, larger than dust chips, had a chip-breaking length of about 2–3 mm. They

appeared at a feed per turn slightly higher than 0.1 mm/r or at a high spindle speed of around

1120 r/min. For combinations of cutting parameters which produced particle chips, the extru-

sion force was greater than the bonding force between fibers, and the removed portions of

HDF were sheared and peeled into a small and very loose cluster shape.

Fig 3. Effects of spindle speed and feed per turn on average cutting forces. a. normal force Fx, b. tangential force Fy.

https://doi.org/10.1371/journal.pone.0203838.g003
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Splinter chips, with a chip-breaking length of about 3–5 mm, are mainly formed at moder-

ate spindle speeds of around 710 r/min or moderate feeds per turn, around 0.2 mm/r. For such

cutting parameters, the removed HDF material was crushed into flakes, and the produced

splinter chips were weakly connected by fiber bundles and adhesive.

Semicontinuous chips with a chip-breaking length of more than 6 mm were produced at

large feeds per turn, around 0.3 mm/r, or at low spindle speeds, mainly around 250 r/min.

When HDF material was sheared by the cutting edge along the cutting plane, the removed

material underwent bending formation under the acting force and was then discharged along

the rake face. Semicontinuous chips were shaped into independent chip balls with shapes simi-

lar to cylinders. The back side of these chips had many uneven cracks.

Effects of cutting parameters on chip shape

The effects of spindle speed and feed per turn on chip deformation are depicted in Fig 5.

Firstly, the chip-breaking length decreased with increase of spindle speed for constant feed per

turn. For instance, when feed per turn was 0.3 mm/r, the chip shape changed from semicontin-

uous to splinter to particle with an increase of spindle speed. Secondly, chip-breaking length

increased with increasing feed per turn at constant spindle speed; for example, at a spindle

speed of 250 r/min, the chip shape went from dust to splinter to semicontinuous with an

increase of feed per turn.

Effects of cutting parameters on surface roughness

As shown in Table 5 and Fig 6, surface roughness of machined HDF decreased with increase

of spindle speed and decrease of feed per turn, and the change in surface roughness was in

Fig 4. Four chip shapes resulting from different stages of HDF machining. a. The HDF workpiece before turning; b. initial stages of

turning; c. shear formation; d. production of dust chip; e. production of particle chip; f. production of splinter chip, g. production of

semicontinuous chip; h. dust chips; i. particle chips; j. splinter chips; k. semicontinuous chips.

https://doi.org/10.1371/journal.pone.0203838.g004
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accord with classical wood cutting theory [23]. With an increase in spindle speed, the cutting

edge bit into HDF and the rake face separated the chips from the workpiece more easily,

which reduced the surface roughness. However, with increasing feed per turn, the quantity of

removed material per unit time was raised, which decreased the cutting stability and increased

the surface roughness. Thus, during final machining of HDF, high speed cutting is advised, as

it can improve both production efficiency and machining quality.

Relation between cutting forces, chip formation and machining quality

The relation between cutting forces, chip formation and machining quality was investigated

(Fig 7). Firstly, when the chips were dust-shaped, the variability of cutting forces was low, and

the machined workpiece was very smooth with no obvious pits or peaks on its surface. Then,

when particle chips were produced, the variability in cutting forces became larger, and some

pits and peaks were observed on the surface, indicating a decrease in machining quality.

Thirdly, when splinter chips emerged, the variance of cutting forces became even larger, and

more pits and peaks were found. Finally, when semicontinuous chips started to appear, the

variance of dynamic cutting forces was largest and the machining quality degraded even

Fig 5. Effects of cutting parameters on chip shapes. a. dust chip; b. particle chip; c. splinter chip; d. dust chip; e.

splinter chip; f. splinter chip; g. dust and particle chips; h. splinter chip; i. semicontinuous chip.

https://doi.org/10.1371/journal.pone.0203838.g005

Table 5. Average roughness of machined surface with different cutting parameters.

Test number 1 2 3 4 5 6 7 8 9

n (r/min) 250 250 250 710 710 710 1120 1120 1120

Fn (mm/r) 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3

Ra 9.5 11.0 12.6 8.5 10.7 11.4 6.7 9.6 10.2

https://doi.org/10.1371/journal.pone.0203838.t005
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further, with many pits and peaks detected on the machined surface by 2D and 3D surface

topography.

In order to research and describe the relation between variables effectively, the variation

in trends of cutting performance for different chip shapes was analyzed and is shown in Fig 8.

As mentioned above, dust, particle, splinter and semicontinuous chips have increasing chip-

breaking lengths, each longer than the one before. Thus, chip-breaking length had a tendency

similar to the variance of cutting forces, average roughness and mean peak-to-valley height.

In other words, when turning HDF with cemented carbide cutting tools, the shorter the chip-

breaking length, the more stable the cutting forces, and the better the resulting machining

quality. This result also shows that high-speed cutting and slow feed rates are most suitable for

fine processing of HDF. The use of these cutting parameters in a real industrial case will proba-

bly improve not only machining quality, but also production efficiency.

Fig 6. Effects of cutting parameters, spindle speed (n) and feed per turn (Fn), on surface roughness.

https://doi.org/10.1371/journal.pone.0203838.g006
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Conclusions

The machinability of HDF was experimentally investigated by turning with cemented carbide

cutting tools. The main parameters investigated were cutting forces, chip formation and

machining quality. The important findings are summarized as follows:

1. Changes in normal and tangential forces had similar trends: they were all positively related

to a decrease in spindle speed, but negatively related to a decrease in feed per turn.

2. Chips produced during machining could be divided into four general categories based on

their shapes, namely dust, particle, splinter and semicontinuous chips. Chip-breaking

length declined with increase in spindle speed and decrease in feed per turn.

3. The roughness of the machined surface increased with a decrease in spindle speed and an

increase in feed per turn.

4. Chip-breaking length had a similar tendency as the variance of cutting forces, with respect

to average roughness and mean peak-to-valley height. That is, an increase in chip-breaking

length was related to an increase in average roughness and mean peak-to-valley height.

Based on the results, it appears that high cutting speed and low feed rate are suitable choices

for fine processing of HDF; these machining conditions not only improve machining quality,

but also increase production efficiency.

Fig 7. Relation between chip shapes, dynamic cutting forces and machining quality. a. Fn = 0.1 mm/r and n = 1120 r/min; b. Fn = 0.2 mm/r and n = 1120 r/min;

c. Fn = 0.2 mm/r and n = 710 r/min; d. Fn = 0.3 mm/r and n = 250 r/min. Vx: variance of cutting force Fx; Vy: variance of cutting force Fy; Ra: average roughness; Rz:

mean peak-to-valley high.

https://doi.org/10.1371/journal.pone.0203838.g007
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