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ABSTRACT: The structure and properties of ultrahigh-molecular-weight polyethylene (UHMWPE) powder after severe deformation

processing in a planetary ball mill were studied by means of scanning electron microscopy, differential scanning calorimetry, and X-

ray analysis. We found that the severe deformation processing of UHMWPE changed the morphology of the powder and caused

amorphization and partial changes in the structure of the crystalline phase. Monolithic samples were obtained from the pretreated

polymer with a hot-pressing method in a wide range of temperatures. The effect of preliminary deformation processing on the

mechanical properties of UHMWPE was studied. It was revealed that during monolitization in its melting temperature range, the

mechanical properties of the powder increased, whereas the percentage elongation decreased. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 000: 000–000, 2013
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INTRODUCTION

The unique combination of physical and mechanical properties,

high wear resistance, low friction coefficient, high chemical

resistance, and biocompatibility to living tissues has attracted

much attention to ultra-high molecular weight polyethylene

(UHMWPE) in recent decades; this makes it one of the most

promising polymers. The high viscosity of UHMWPE above the

melting temperature (Tm) restricts its processing with screw

extrusion or injection molding. UHMWPE is very frequently

processed via hot pressing or the sintering of cold-pressed bil-

lets. Such processing methods allow one to use powders as start-

ing materials; this may be very useful in the case of UHMWPE-

based composite production. Powder technology allows one to

apply various solid-state methods to produce polymer-based

composites, including a method of high-energy ball milling

(HEBM).1–7 This method implies the application of severe plas-

tic deformation to the polymer matrix; this can give rise to dif-

ferent structural changes in the polymer. In this regard, it is

important to understand the effects of such deformation on the

polymer structure. The severe deformation of polymers can lead

to different structural changes that are caused by the movement

of molecular chains at the intermolecular level; this can strongly

affect the properties of the polymers. These changes depend on

the nature of the polymer and the deformation conditions. In

most cases, deformation results in structural alterations,

amorphization, and/or phase transitions.

It is known that milling can result in phase transformations and

the amorphization of polymers. For instance, the milling of

high-density polyethylene (HDPE) leads to the transformation

of the orthorhombic phase into a monoclinic one.8,9 Poly(viny-

lidene fluoride) transforms from the a to the b phase under

milling,10 whereas the high-energy milling of poly(vinyl ace-

tate),11 polyamide 6,12 and polypropylene13 leads to the

amorphization of the crystalline phase. The deformation of

polymers can also be accompanied by a decrease in the molecu-

lar weight, changes in the morphology and size of the crystalline

particles, and the oxidation and formation of crosslinked struc-

tures.8–10,13 In this study, the effects of HEBM on the

UHMWPE structure and properties were examined.

EXPERIMENTAL

Ticona Gmbh GUR 4120 UHMWPE-grade, with a molecular

weight of 5 3 106 g/mol, was used in this investigation. Defor-

mation processing was carried out in an MPF-1 high-energy

planetary ball mill in 0.4-L steel vials. As the grinding media,

we used steel balls with diameters from 5 to 9 mm and a total

weight of 900 g (5 mm and 200 g, 7 mm and 200 g, and 9 mm

and 500 g). The mass of the polymer loaded into the steel

drum was 60 g. The carrier’s rotation speed was constant and

equal to 900 rev/min. The duration of mechanical treatment

ranged from 5 min to 2 h.
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Micrographic investigations were carried out with a low-

vacuum scanning electron microscope (Hitachi TM-1000). The

phase composition and crystalline structure of the powders

were studied by X-ray analysis on a Rigaku Ultima IV diffrac-

tometer with monochromatized �u Ka radiation. The parame-

ters of the fine structure were determined by analysis of the

broadening of the diffraction lines by Ritveld’s method.14 Ther-

mal analysis of the treated powder was carried out with differ-

ential scanning calorimetry (DSC) on a Netzsch DSC 204 F1

calorimeter in an argon atmosphere. DSC experiments was car-

ried out under the following conditions: heating from 35 to

180�C, 5 min of exposure, cooling to 35�C, 5 min of exposure,

and the second heating up to 180�C, and a heating and cooling

rate of 10�C/min. The key parameters for DSC processing were

as follows: the onset of the melting peak (Tm
onset), the melting

temperature peak (Tm
max), the melting heat (DHm), the onset of

the crystallization peak (Tc
onset), the crystallization temperature

peak (Tc
max), and the crystallization heat (DHc). The consolida-

tion of the powders was carried out by hot pressing under a

pressure of 60 MPa; the consolidation temperatures were varied

from 137 to 210�C. The mechanical properties were investigated

with an Instron 150LX tensile machine with a loading rate of

10 mm/min.

RESULTS AND DISCUSSION

The morphological evolution of the UHMWPE powder during

milling is shown in Figure 1. The initial UHMWPE particles

were spherical, with an average size of 120 lm. During the

application of severe deformation, the polymer powder particles

Figure 1. Evolution of the UHMWPE morphology during milling; the processing times are indicated on the micrographs. The figure also shows a micro-

graph of powder milled for 20 min and then annealed above Tm.
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gradually changed their morphology, and after 20 min of mill-

ing, all of the particles acquired a lamellar shape. The formed

lamellas were less than 10 lm in thick and about 270 lm in

diameter. After 60 min of milling, delamination began to appear

on the lamellae. Milling for 90 min resulted in the separation of

flattened powder particles into smaller ones, and, finally, pow-

der milled for 120 min contained a number of small lamellar

particles (<50 lm in diameter). It is necessary to note that

powder milled for 20 min, where initially spherical particles

already took lamellar form but did not yet start to split into

smaller ones, after annealing above Tm, regained their initial

spherical shape. This was evidence of the shape-memory effect

in UHMWPE, which we studied recently.15

These data correlated well with those on the packed density of

UHMWPE powder as a function of the processing time (see Fig-

ure 2). As the form of the particles under deformation changed

from a close to a spherical to a flat shape, the average size of the

particles increased, and the packed density decreased. With fur-

ther increases in the processing time, the polymer particles were

crushed, and the packed density again began to rise. A decrease

in the aspect ratio by the comminution of flat particles to spheri-

cal ones resulted in an increase in the packed density.16

It should be mentioned that the deformation of UHMWPE par-

ticles inevitably led to an orientation of the molecules. Figure 3

shows the scheme of the UHMWPE microstructure evolution

with ball milling. The polymer particles were strongly flattened

and took a flake shape; this was accompanied by a triple

increase in its plane size. Both the amorphous and crystalline

phases took up orientation of the plane perpendicular to the

applied impact. Structural orientation as the result of polymer

particles flattening during ball milling has also been proposed

for polyethylene (PE)17 and poly(ethylene terephthalate).18,19

Changes in the structure of the treated polymer powders were

studied with X-ray diffraction analysis. Figure 4 shows that

whereas before the deformation the UHMWPE powder prefer-

entially consisted of an amorphous phase (a halo with center at

2h 5 19.45�) and an orthorhombic crystalline phase [with two

intensive peaks at 2h 5 21.5� (110) and 2h 5 23.9�2 (200)],

after deformation a new peak appeared at 2h 5 19.55�. This

peak corresponded to the monoclinic phase, which is usually

formed in PEs as a result of deformation processes, including

ball milling.8,9,17,20 An increase in the milling time resulted in

an increase in the related monoclinic phase peak intensity. Anal-

ysis of broadening of the diffraction lines showed that the crys-

tallite size of the orthorhombic phase (D) decreased during

milling (Figure 5), whereas the magnitude of microstrains

remained constant and equal to 0.8%.

Figure 6 shows the DSC curves (first heating) for the initial and

as-milled UHMWPE powders; the temperatures of the melting

Figure 2. Packed density of UHMWPE as a function of the processing

time.

Figure 3. Scheme of the stress-induced structure orientation of

UHMWPE: (left) the initial UHMWPE particle and (right) the particle

after the impact blow.

Figure 4. X-ray diffraction patterns of the initial and ball-milled

UHMWPE powders.

Figure 5. Crystallite size of orthorhombic phase (D) as a function of the

processing time.
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peaks and the heat effect of melting are listed in Table I. In the

first cycle of heating, with increasing milling time, both Tm
onset

and Tm
max decreased. Compared with the initial UHMWPE pow-

der, after 120 min of milling, Tm
onset decreased by 4�C, and Tm

max

decreased by 1.6�C. Such a decrease in Tm could have been due

to a decrease in the molecular weight brought about by the rup-

ture of the polymer chains under the impact load in a ball mill.

However, as shown in ref. 21, when the molecular weight of PE

exceeded the value of 1052106 g/mol, its magnitude did not

affect Tm.

The Tm values of the polymers may have also depended on the

thickness of lamellar crystallites (e.g., see ref. 22). A decrease in

the lamellar size and an increase in the concentration of the

defects in the crystalline structure resulted in a decrease in Tm

according to Thomson–Gibbs:

T m5T 0
m 122re= DH3lð Þð Þ (1)

where Tm
0 is the melting temperature of the lamellar crystals of

infinite size, re is the surface energy, DH is the melting

enthalpy, and l is the thickness of the lamellar crystal. The DSC

analysis results allowed us to propose that the ball milling of

UHMWPE resulted in a decrease in the lamellar thickness and/

or an increase in the defect concentration in the crystalline

structure. Comparing the DSC data with the results of X-ray

diffraction (see Figure 5), we concluded that a decrease in Tm

was associated with a decrease in the lamellar thickness. X-ray

diffraction showed no changes in the microstrains; this was

related to the defects in the crystalline structure as a result of

milling. In ref. 17, similar results were observed for ball-milled

HDPE.

As shown in Table I, DH of UHMWPE decreased with increas-

ing the milling time. The relative degree of crystallinity was cal-

culated as the ratio of DHm of the experimental sample to DHm

of the completely crystallized PE, which, according to ref. 23, is

equal to 288 J/g. The calculations showed that the mechanical

treatment of UHMWPE powder led to its partial amorphiza-

tion. Thus, the degree of crystallinity of the initial powder was

64%, whereas after 120 min of mechanical treatment, it

decreased to 51%.

The process of crystallization in polymers is a complex process

that depends on the thermal and deformation history under-

gone by the material.24 Cooling after the first heating showed

no deviation in the calorimetric parameters during the crystalli-

zation of the milled samples from those in the initial state (see

Table I, column 2). It showed that the initial and milled

UHMWPE after melting possessed similar thermal properties,

and those acquired by milling structural features disappeared

after melting.

In the second cycle of heating, Tm increased slightly (on average

by 1�C). The degree of crystallinity of UHMWPE after remelt-

ing also increased by 2–5% for the sample deformed for 25

min. These facts could have been explained by powder contami-

nation with iron from the milling media; iron particles could

have later acted as a nucleation agent of heterogeneous crystalli-

zation. Figure 7 shows the spectra of X-ray fluorescence analysis

of the deformed UHMWPE powder. With increasing processing

time, there was an increase in the intensity of the peaks respon-

sible for the presence of iron. Apparently, after 25 min of mill-

ing, the process contamination of iron accumulated in the

treated powder became sufficient to affect the crystallization

process of the polymer.

Without the effect of iron contamination on the crystallization

process of UHMWPE taken into account, all structural altera-

tions of the polymer caused by deformation treatment were

erased after remelting.

It is worth noting that in HDPE after HEBM,20 the separation

of the crystallization peak was observed (double crystallization;

the DSC shooting conditions were the same as ours), the

authors put forward the assumption of the high thermal stabil-

ity of the monoclinic-phase nucleating agent and the possibility

of the second formation of this phase after the melting down of

the polymer in case it had been in the molten state only for a

small time. However, in one of our earlier studies,25 we carried

out the annealing of the deformed UHMWPE, and this experi-

ment showed the metastability of the monoclinic phase. The

metastability of the monoclinic phase was also confirmed by

other authors.9,26 Such a divergence in the experimental results

could be caused by the different conditions of the deformation

process and the different molecular weights of the polymers

used.

It ought to be noted that in ref. 17, the authors obtained the

data on the opposite effect of preliminary deformation treat-

ment on DSC curves. For HDPE, an increase in the duration of

cryogenic mechanical milling (CMM) resulted in an increase in

the DHm values obtained both from the first and second cycles

of heating. The authors suggested that in the process of CMM,

the molecular weight of the amorphous phase of HDPE selec-

tively decreased. Reducing the molecular weight decreased the

degree of entanglements so that defect-free polymer segments

were allowed to attain easier crystallization.

A study of the effect of the pan-milling stress on the struc-
ture of HDPE8 showed that the molecular weight decreased
gradually with milling time. Moreover, at the higher initial
molecular weight, easier degradation could be achieved
under stress.

Figure 6. DSC curves (first heating cycle) of the initial and milled

UHMWPE powders; the milling times are indicated near the curves.
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In Ref. 27, it was noted that the HEBM processing of medium-

density PE had little effect on the crystalline temperature and

Tm of the initial polymer and its nanocomposites. The investiga-

tion of HDPE20 by size exclusion chromatography after treat-

ment in HEBM indicated no changes in the molecular weight

distribution.

As shown, the treatment of PE in mills may have different

effects on the molecular weight. This depends on the type of

mill and the conditions of processing. PE has a relatively high

chain mobility at ambient temperature. Under the action of

impact stress, the mobile molecular chains are deformed with-

out breaking. Therefore, HEBM processing was not accompa-

nied by degradation of the polymer. During the processing of

PE in CMM below the glass-transition temperature, the poly-

mer molecular mobility was greatly reduced, and the impact

stress led to a decrease in the molecular weight. However,

UHMWPE could perform its functions without degradation,

even below the glass-transition temperature. The CMM process-

ing of UHMWPE requires further study. The pan-mill-type

equipment can exert strong shear force on materials, even

greater than planetary mills. Under pan-milling stress, PE chains

experience strong stretching, which results in molecular rupture,

even at room temperature.

Figure 8(a,b) presents the ultimate and yield tensile stress as

function of the pressing temperature for the initial and pre-

treated samples. The minimum strength value was observed

after consolidation at 137�C; this was associated with the

incomplete partial melting of the crystalline part of the polymer,

which resulted in a relatively weak interaction between the pow-

der particles at consolidation. The maximum strength character-

istics for both the initial sample and preliminarily treated

UHMWPE was observed at a consolidation temperature of

145�C. For the initial UHMWPE, such an increase in the

strength was due to the better sintering between the powder

particles and the partial conservation of the nascent crystallinity,

which toughened the polymer.28 The ultimate stress of the pre-

treated UHMWPE increased by 6 MPa [Figure 8(a)], and its

yield stress increased by 2 MPa [Figure 8(b)] compared to the

initial polymer. With further increases in the formation temper-

ature, the yield and ultimate tensile stress of the UHMWPE

began to decrease, and at 210�C, they leveled out with the char-

acteristics of the initial polymer.

Figure 9 shows the relative elongation of the samples as a func-

tion of the hot-pressing temperature. In the range of hot-

pressing temperatures from 137 to 145�C, the elongation of the

pretreated UHMWPE sample was significantly lower compared

to that of the initial polymer. After an increase in the pressing

temperature to 150�C and higher, the elongation values both

for the initial and milled UHMWPE became nearly the same.

The observed peculiarities of changes in the mechanical proper-

ties with consolidation temperature for the initial and ball-

milled UHMWPE could be explained by the retention of the

oriented structure in the polymer powder up to a pressing tem-

perature of 145�C and the restoration of the isotropic properties

of the polymer powder at temperatures above 150�C. To con-

firm our assumption, we carried out an additional experiment.

To decorate the structure of the polymer, we added nanosized

tungsten powder into the initial and ball-milled UHMWPE

powders. The distribution of nanotungsten over the surface of

Table I. Results of the DSC Analysis

UHMWPE

First heating cycle Cooling cycle Second heating cycle

Tm
onset (�C) Tm

max (�C) DHm (J/g) Tc
onset (�C) Tc

max (�C) DHc (J/g) Tm
onset (�C) Tm

max (�C) DHm (J/g)

Initial 134.4 144.0 184.8 122.7 118.0 129.0 125.7 134.8 140.5

5 min 134.4 143.9 178.1 122.7 118.1 121.1 125.8 134.8 136.7

10 min 134.4 144.1 178.5 122.5 117.9 117.9 125.8 135.0 135.5

15 min 134.2 143.7 173.0 122.7 117.9 129.8 125.7 135.0 142.1

20 min 134.0 143.2 170.0 122.8 118.3 127.2 125.6 134.5 139.2

25 min 134.0 143.1 165.4 122.7 118.2 131.5 125.5 135.8 138.0

60 min 133.7 143.1 165.6 121.8 118.0 132.5 125.9 136.2 148.0

90 min 132.0 143.0 177.1 122.2 118.2 140.2 125.7 135.6 158.2

120 min 130.4 142.6 149.2 122.4 117.3 133.2 126.0 136.1 148.4

Figure 7. Spectra of the X-ray fluorescence analysis of the deforming

treatment of the UHMWPE powder.
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the UHMWPE powder was carried out in a planetary ball mill

in decorated operation conditions so as not to affect the struc-

ture of the polymer. The mixture of UHMWPE with nano-

tungsten was carried out in a planetary ball mill (Fritsch

Pulverisette 5). The conditions of mixing were as follows: diam-

eter of steel balls 5 10 mm, total weight 5 600 g, rotation

speed 5 150 rev/min, and duration of mixing 5 60 min. The

Figure 8. (a) Ultimate and (b) yield tensile stress as a function of the con-

solidation temperature for the (1) initial sample and (2) sample prelimi-

narily treated in a ball mill UHMWPE samples.

Figure 9. Percentage elongation of the UHMWPE samples: (1) initial

sample and (2) sample preliminarily treated in a ball mill as a function of

hot temperature.

Figure 10. Decorated structure of (a) the initial UHMWPE, (b) pretreated

UHMWPE after pressing at 145�C, and (c) pretreated UHMWPE after

pressing at 160�C.
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obtained powders were pressed at temperatures of 145 and

160�C. Thin cross-sectional slices were prepared from the sam-

ples and were then studied with scanning electron microscopy.

With simultaneous treatment in the mill of the polymer powder

with the nanopowder, it uniformly covered the polymer par-

ticles and, after consequent thermal consolidation, this clearly

indicated the borders of the polymer particles in the bulk state.

The micrographs shown in Figure 10 clearly demonstrate the

shape and arrangement of the UHMWPE powder particles in a

monolithic sample after hot pressing. The particles of the initial

UHMWPE powder [Figure 10(a)] were slightly flattened and

elongated with exposure to pressure. The powder particles of

the pretreated UHMWPE pressed at 145�C [Figure 10(b)] were

characterized by the conservation of their shape acquired after

the preliminary deformational treatment. The UHMWPE pow-

der particles retained an oriented structure, which was responsi-

ble for the increased mechanical properties and reduced

elongation. When the pretreated UHMWPE sample was pressed

at temperatures over 145�C, [Figure 10(c)], the powder particles

regained their initial shape, their orientation disappeared, and

their mechanical properties and elongation returned to values

equal to those of the initial UHMWPE. The recovery of the ini-

tial shape in the UHMWPE powders under temperature expo-

sure is described in ref. 14.

CONCLUSIONS

The deformation processing of the UHMWPE powder in a

planetary ball mill led to a flattening of the initially spherical

particles and the acquisition of an oriented structure. These

processes were accompanied by amorphization, the acquisition

of a defective crystal structure, and a new monoclinic phase for-

mation. During annealing of the deformed powders, the poly-

mer crystallized into a structure intrinsic for the initial

UHMWPE; that is, that its deformation prehistory gets erased.

The acquisition of an oriented structure by the monolithic

UHMWPE samples pressed at 145�C resulted in an increase in

their strength and a decrease in their percentage elongation.

With increasing temperature, the properties of the pretreated

UHMWPE tended to level out with those of the initial polymer.
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