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We report an approach to strengthen micro-grained polycrystalline diamond (MPD) compact

through work hardening under high pressure and high temperature, in which both hardness and

fracture toughness are simultaneously boosted. Micro-sized diamond powders are treated without

any additives under a high pressure of 14 GPa and temperatures ranging from 1000 �C to 2000 �C.

It was found that the high pressure and high temperature environments could constrain the brittle

feature and cause a severe plastic deformation of starting diamond grains to form a mutual bonded

diamond network. The relative density is increased with temperature to nearly fully dense at

1600 �C. The Vickers hardness of the well-prepared MPD bulks at 14 GPa and 1900 �C reaches the

top limit of the single crystal diamond of 120 GPa, and the near-metallic fracture toughness of the

sample is as high as 18.7 MPa m1/2. Published by AIP Publishing.
https://doi.org/10.1063/1.5016110

Deforming solid plastically below its recrystallization

temperature, which is generally about 40% of the melting

point of a metal, is known as cold plastic deformation or

work hardening. The resulting metal product shows a refine-

ment microstructure, and the known mechanisms for

strengthening of metallic materials through work hardening

are based on controlling defects such as dislocations to

impede their motion.1–3 Such strategies invariably compro-

mise ductility, the ability of the material to deform, stretch,

or change its shape permanently without breaking.4 On the

other hand, brittle materials like ordinary ceramics show no

obvious ductility below their recrystallization temperatures.

Thus, work hardening cannot be applied to strengthen the

brittle ceramic bulks under atmospheric pressure.

Interestingly, under compression, ceramics could be

deformed plastically below their recrystallization tempera-

tures. For example, obvious plastic deformation of alumina

microspheres was observed at a static pressure of �5 GPa

and 600 �C as well as at a dynamic compression of �20 GPa

and 400 �C.5–7 Diamond can also be yielded and exhibits

plastic deformation under high pressure. Weidner et al.
found that diamond powder started to yield under the condi-

tion of around 10 GPa and over 1000 �C.8 The plastic defor-

mation of the diamond anvil surface was observed even at

room temperature and an ultra-high pressure of 220 GPa.9

Early in the 1970s, DeVries observed relief-polished stria-

tions and etch preferentially narrow zones in framesite which

were conjectured to be the result of plastic deformation of

diamond grains.10 A similar phenomenon was also found in

monocrystalline diamond embedded in fine diamond pow-

ders treated at 900 �C to 1600 �C with the pressures ranging

from 1 to 6 GPa,11 resulting in the development of deforma-

tion lamellae defects for a significantly enhanced abrasion

resistance, but the diamond particles could not be sintered

into bulk materials as the pressure was not high enough. In

this report, we propose that the strengthening of the micro-

grained polycrystalline diamond (MPD) bulks can be

achieved through the method of work hardening by inhibit-

ing their brittle fracture under higher pressures.

The starting diamond powder (treated in a vacuum fur-

nace at 1200 �C for 90 min) with a grain size of 8–12 lm was

pressed into a pellet with a relative density of �78%, followed

by high pressure and high temperature (HPHT) treatment in a

two-stage multi-anvil apparatus based on a DS6� 25 MN

cubic press machine. The pressure was estimated by the well-

known pressure-induced phase transitions of Bi, ZnTe, and

ZnS. The treating temperature was directly measured by using

W97Re3-W75Re25 thermocouples. Samples were com-

pressed to the desired values before heating and then treated

at 1000 �C to 2000 �C under a pressure of 14 GPa.

The Vickers hardness of the end-polished samples was

tested using a Vickers hardness tester (FV-700B, Future-Tech,

Japan). Phase determination and structural characterization

were carried out by X-ray diffraction (XRD, kCu¼ 1.54056 Å,
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Fangyuan DX-2500, China) at 0.01�/s steps for 2h¼ 10�–100�.
Raman scattering spectra were collected at room temperature in

a confocal Raman system using a solid-state laser (532 nm,

RGB laser system, NovaPro 300 mW, Germany) and a triple

grating monochromator (Andor Shamrock SR-303i-B, EU)

with an attached EMCCD (ANDOR Newton DU970P-UVB,

EU). The sample morphology and microstructure were investi-

gated by scanning electron microscopy (SEM) (FEI INSPECT

F50, USA) and transmission electron microscopy (TEM) (FEI

Tecnai G2 F20 S-TWIN, USA).

Micro-grained diamond powder without any additives is

treated at 14 GPa and different temperatures. Figure 1(a)

shows the scanning electron microscopy (SEM) image of the

starting diamond powder, which has an average grain size of

10 lm with a narrow size distribution ranging from 8 to

12 lm [Fig. 2(b)]. The choice of this grain size is mainly

because the starting diamond powder for the preparation of

primary commercial polycrystalline diamond materials is

about 10 lm. Meanwhile, it is also convenient to characterize

and observe the microstructure of the MPD samples after high

pressure and high temperature treatment. The well-prepared

and end-polished compacts can be prepared at over 1300 �C in

a form of cylinder-shaped chunks having a dimension of about

11 mm in diameter and 6 mm in thickness [Fig. 1(c)]. Those

samples’ dimensions are large enough for making industrial

cutting/drilling tools and scientific research sampling as well.

Figure 2(a) shows the X-ray diffraction (XRD) patterns

of the starting powder and MPD samples treated at different

temperatures under a pressure of 14 GPa. As it can be seen,

the starting grains are well-crystallized and near stress-free,

which is consistent with the Raman analysis results shown in

Fig. 2(b). At the treating temperature of 1500 �C or above,

the graphite peak appeared and became broader as tempera-

ture increased (Fig. S1, supplementary material). The rela-

tively low stress in the triangle diamond grain boundaries

(GB), the so-called Y zones, might be responsible for the

graphite appearing.12 Due to the ultra-high strength of
diamond, large local deviatoric/shear stress will be devel-

oped in each individual grain during the sample squeezing

process.8,13 The strength of diamond was reported to be

�15 GPa at 10 GPa and 1000 �C8 and reached as high as

130–140 GPa at an ultra-high pressure of 220 GPa and room

temperature.9 Thus, the grain-to-grain contacting areas will

be subjected to a relatively high stress. Conversely, the Y

zones are in a state of low pressure as compared with the

macroscopic pressure or average stress throughout the whole

sample. As the sample temperature is increased to �1500 �C,

carbon atoms in the grain surface around Y zones would be

out of the stable region of the diamond phase and transferred

to the graphite or amorphous phase.14,15 However, the

strength decrease of diamond with temperature rising could

produce a better hydrostatic environment and lead to an

actual pressure increase in the Y zones. It suggests that a fur-

ther temperature increase could promote the plastic deforma-

tion of diamond and non-uniform extrusion of graphite

atomic layers, as well as the graphite-to-diamond transfor-

mation. This can be reflected from the broadening and shift

of graphite (200) XRD lines in Fig. 2(a).

The end-polished MPD samples’ surfaces, consisting of

bright zones and dark zones (Y zones) appearing under an

FIG. 1. (a) SEM image of starting diamond grains. (b) Statistical analysis

chart of the grain size. (a) and (b) The grain size distribution of starting

grains shows that the average grain size is 10 lm. (c) Optical photo of end-

polished MPD samples.

FIG. 2. (a) XRD patterns of starting grains and MPD samples. (b) Raman

spectra patterns of starting grains and MPD samples, Inset: the left image

represents the Raman spot projected on the bright zones of the MPD sample,

and the right image (Inset) represents the dark zones (Y zones). (a) and (b)

The analytical results show that the starting grains are well-crystallized, and

graphitization of the diamond happened when the treating temperature went

up to 1500 �C. (c)–(f) SEM images of end-polished MPD samples with dif-

ferent treating temperatures. These images show that grain refinement and

significant plastic deformation of particles appeared when treating tempera-

ture was raised up to 1600 �C.
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optical microscope, are probed using a Micro-Raman spec-

trometer with a laser spot diameter of �2 lm and compared to

the starting powder’s spectra which all are shown in Fig. 2(b).

The analysis indicates that these bright regions are diamonds

with a Raman peak shift of 1332 cm�1 for the samples treated

at temperatures from 1000 �C to 2000 �C, and the signatures

from dark zones are also diamond peaks at treating tempera-

ture below 1500 �C. For the samples treated at 1500 �C and

above, the Micro-Raman spectrometer can probe the signa-

tures of both diamond and graphite from the dark zones, sug-

gesting that graphitization of the diamond happened in the Y

zones during the high pressure and high temperature (HPHT)

process. When temperature is increased up to 1700 �C and

above, the intensity of the diamond peaks became sharper and

stronger than the graphite peak compared with lower treating

temperatures, suggesting that some of the graphite re-

converted into diamond due to the actual pressure increasing

in Y zones caused by the plastic deformation of the diamond

skeleton under higher temperature conditions. Those results

are consistent with the XRD analysis.

SEM images of the polished samples with different treat-

ing temperatures at 14 GPa are shown in Figs. 2(c)–2(f) and

Fig. S2 (supplementary material). At low temperatures, most

of the diamond grains maintain their original size and shape.

Meanwhile, a large amount of broken submicron- and nano-

grains are produced due to the local stress concentration at

grain-to-grain contacts.8,12 At 1600 �C [Fig. 2(d)], the surface

contact among diamond grains becomes dominant compared

to that in Fig. 2(c), and the relative density of the sample

reaches up to 99.2%, close to a fully dense state. As the

temperature continues increasing to 1900 �C, the diamond

grains’ edges become more rounded and more diamond-

diamond bonding areas appear, suggesting that the rotation,

rearrangement, and plastic deformation of the diamond grains

are further promoted, and the Y zones are reduced as well due

to the increased contacting areas of grains [Figs. 2(e), S2(d),

and S2(e), supplementary material].8 When the treating tem-

perature reaches 2000 �C, the diamond grains are partly sharp

edged [Fig. 2(f)], and we speculate that the recrystallization of

diamonds is triggered at this HPHT condition.14–16

Typical transmission electron microscopy (TEM) and

high resolution TEM (HRTEM) images of the MPD sample

treated at 14 GPa and 1900 �C are shown in Figs. 3(a)–3(e)

and S3 (supplementary material), respectively. It is found that

the Y zones are composed of diamond nano-grains embedded

in the turbostratic graphite and amorphous carbon [Figs. 3(a),

3(d), and S3 (supplementary material)]. Densely packed dislo-

cations, twin boundaries (TB), and stacking faults (SFs) [seen

in Figs. 3(b), 3(c), and 3(e)] are observed, which shows that

each micro-sized grain contains a large amount of diamond

lamellae with the thickness in the nanoscale [Fig. 3(b)].

Thickness distribution of the nanotwins measured from

HRTEM images is �10 nm [shown in Fig. 3(f)]. The above

substructure observed in large diamond grains is a typical fea-

ture for materials after cold plastic deformation or work hard-

ening. Similar features have also been found in the recently

reported nanotwinned diamond (nt-diamond) sample synthe-

sized from specially prepared onion carbon nanoparticles.17

Overall, the samples are composed of a diamond skeleton

formed by the mutual bonding of micron-sized grains and

FIG. 3. Images of TEM characterization and statistical analysis chart of the average twin thickness of the MPD sample prepared at 1900 �C and 14 GPa. (a)

Dark-field TEM image of the diamond grains in the Y zone of the MPD sample which is marked with the red box in the inset (up) of (a). Inset (down): the cor-

responding selected area electron diffraction pattern (SAED) to the area of (a). It shows that there are a large number of nano-grains in this area. (b) TEM

image of densely packed dislocations marked with pink arrows in micron-sized grains which corresponds to red mark b in the inset (up) of (a). It shows that

individual micro-sized diamond particle contains a large number of stacked nano-lamellae diamond and dislocations where the HRTEM image of the red box

selected is shown in (c). (c) HRTEM image of the region marked with the red box in (b). Stacking faults (SFs) are marked with red arrows while twin bound-

aries (TB) are marked with yellow arrows. Inset: the corresponding SAED pattern of twins to the area of (c). (d) HRTEM image of turbostratic graphite and

amorphous carbon in the Y zone. The white arrows represent the graphite phase and the yellow arrows represent the amorphous carbons. Inset: the correspond-

ing SAED pattern of the amorphous carbons to the area of (d). (e) TEM image of distribution of the TB marked with yellow arrows in the grain. Inset: the cor-

responding SAED pattern of the twins to the area of (e). (f) Thickness distribution of the nanotwins measured from TEM and HRTEM images. The average

twin thickness is 10 nm.
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isolated Y zones. Each individual micron-sized grain has a

substructure of stacked nano-lamellae while the Y zone

is composed of nanocrystalline diamond embedded in turbos-

tratic graphite and amorphous carbon. This unique micro-/

nano-nested structure originates from the plastic deformation

of starting diamond grains and the resulting diamond-graphite

reciprocal transformation during the HPHT process.

Figure 4(a) shows the Vickers hardness (Hv) results of

polished MPD samples with treating temperatures from

1300 �C to 2000 �C at 14 GPa which is measured using a stan-

dard square-pyramidal diamond indenter. The loading force is

29.4 N, and the dwelling time is 15 s. The results indicate that

the hardness of the samples is almost linearly increasing with

the increase in the treating temperature. At the temperature of

1500 �C, the hardness is 57.1 (63.1) GPa, which is equivalent

to the commercial polycrystalline diamond (PCD) with

cobalt-based additives,18,19 and it increases to 120.5 (64.2)

GPa for the 1900 �C sample, which reaches the top limit of

the Vickers hardness of single crystal diamond (60–120 GPa)

[Fig. 4(b) and Table SI, supplementary material].17,20,21 It can

be seen that the hardness of the well-prepared micro-sized

MPD sample is twice as high as traditional polycrystalline

diamond composites and comparable to the reported nano-

polycrystalline diamond (NPD) bulks (more details shown in

Table SI, supplementary material).22 There are two reasons

why the hardness of the samples dropped a lot when treated at

14 GPa and 2000 �C. The first reason is that the recrystalliza-

tion of diamonds is triggered at this high-pressure and high-

temperature condition, and as a result, the hardening effect of

diamond is weakened. The second reason is that the graphiti-

zation of diamond is enhanced as the treated temperature

increased to 2000 �C. This can be seen from the Raman data

in the right image of Fig. 2(b) and SEM images in Figs.

S2(c)–S2(f) (supplementary material).

The observed extraordinary hardness of MPD samples can

be attributed to the high pressure work hardening induced nano-

structured defects such as stacked nano-lamellae, stacking

faults, and twinned microstructures. The defects in crystalline

play a role as obstacles to dislocation glide during deforma-

tion22,23 and is beneficial to improving the mechanical proper-

ties. Moreover, the well-prepared MPD sample is highly grain

refined, condensed, and densified in the treating process where

micro-sized grains are deformed plastically to nanoscale in the

substructure by squeezing among the diamond particles, leading

to a further hardness enhancement due to the Hall-Petch

effect.24,25 Quite different from conventional ways of using

graphite,22 amorphous carbon,26 glassy carbon,26 C60,
26 onion-

like carbon,17 or other carbons sources, our study demonstrates

that the superior hardness of polycrystalline diamond materials

can be achieved using the micro-sized diamond as starting

materials if appropriate HPHT treatments are applied.

The fracture toughness of the MPD sample has been

characterized [shown in Fig. 4(b)] and calculated by the fol-

lowing equation:27,28

KIC ¼ n E=HVð Þ1=2 P=c3=2
� �

MPa m1=2ð Þ;

where n is the calibration constant of 0.0166 (60.004), E is

the Young’s modulus (GPa) (in the experiment, we used the

aggregate Young’s modulus, 1050 GPa, for diamond),8,29 P
is the loading force (N), and c is the length of the crack.

The resulting KIC of the prepared sample at 14 GPa and

1900 �C reaches 18.7 MPa m1/2, which is about 3.7–5.5-fold

of single crystal diamond (3.4–5 MPa m1/2),30 7.5-fold of

single crystal cBN (2.8 MPa m1/2),31 much higher than bind-

erless submicron cBN chunks (sm-cBN, �13.2 MPa m1/2),32

and superior to the reported nanotwinned cBN (nt-cBN,

�12.7 MPa m1/2) and nanotwinned diamond (nt-diamond,

�9.7 to 14.8 MPa m1/2).17,20 At the same time, as shown in

Fig. 4(b) (marked with blue arrows), it is very interesting to

note that microcracks are mainly produced on diamond

micro-grains and terminated at the grain boundaries

(Y zones). The nanostructured Y zones consisting of nano-

crystalline diamond grains, turbostratic graphite, and amor-

phous carbon can significantly stop the cracks from further

propagation and thus greatly improve the fracture toughness

of the prepared sample.

In conclusion, superstrong micro-grained polycrystalline

diamond compacts have been prepared through work harden-

ing at high pressure. The high pressure and high temperature

environments could constrain the brittle feature and cause a

severe plastic deformation of starting diamond grains to

form a mutual bonded diamond network together with iso-

lated Y zones. Both the diamond skeleton and Y zone are in

the micro-scale while having a nanostructure inside, and this

unique micro-/nano-nested microstructure makes the mate-

rial extremely strong in terms of both hardness and fracture

toughness. We believe that the proposed and demonstrated

high pressure work hardening approach can be applied to

other brittle materials to inhibit their brittle fracturing for

enhancing their mechanical properties for a wide range of

applications.

FIG. 4. (a) The relationship between

Vickers hardness of MPD and different

treating temperatures, and the Vickers

indentations were produced with the

loading force of 29.4 N and dwelling

time of 15 s for the polished MPD sam-

ple. (b) SEM image of indentation and

microcracks of the well-prepared MPD

sample at 1900 �C and 14 GPa. The

azure line segments represent the length

of Vickers indention, the yellow line

segments represent the whole length of

microcracks, and the blue arrows repre-

sent transgranular fracture.
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See supplementary material for more details on sample

preparation and characterization results using XRD, SEM,

and TEM methods for starting material and samples prepared

at different conditions. More information is given on various

superhard materials with different preparation methods and

their mechanical properties.
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