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a b s t r a c t 

Recently, a hexagonal phase has been reported in high carbon steels in several studies. Here, we show 

that the electron microscopy results used in these studies were erroneously interpreted. The extra-spots 

in the diffraction patterns and the odd contrasts in the high resolution images are not those a superstruc- 

ture but result from double diffraction and streaking effects due to the presence of twins and stacking 

faults. We point out a similar unfortunate misunderstanding of these effects in papers reporting the ex- 

istence of a 9R structure in aluminium or copper, or exotic forms of carbon in diamonds. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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In 2015, Liu, Ping et al. published a paper entitled “A new 

anoscale metastable iron phase in carbon steels ” claiming for the 

xistence of an hexagonal phase in high carbon steels that they 

alled ω [1] . The authors based their conclusion on the existence of 

xtra-spots in their Selective Area Diffraction (SAED) patterns ob- 

ained by Transmission Electron Microscopy (TEM). I immediately 

rote a comment on the journal web page (at the bottom of their 

rticle [1] ) with a link providing the simulations that show that the 

xtra-spots were actually twin artefacts [2] . Despite this warning, 

ing et al. have continued to (over)publish on the ω-phase [3-9] . 

ecently, Casillas et al. [10] used dark field imaging and High An- 

le Annular Dark Field Scanning Transmission Electron Microscopy 

HAADF-STEM) to show that the ω-phase was indeed a twin arte- 

act confirming our conclusion [2] . We fear that our papers will 

ot end the story of the ω-phase mirage in high carbon steels, and 

e would like to make it clear (again) why this phase does not 

xist in these alloys. We will also explain our concern about the 

roliferation of papers reporting exotic superstructures in classical 

etals and alloys, whereas the conclusions in most of them also 

ome from the illusion given by twin artefacts. 

There are two types of artefacts that may be confused with ex- 

tic hypothetical polytypes or superstructures. They are detailed in 

ur study [11] . Let us briefly summarized them here: 
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a) Double diffraction (moiré) effect. This artefact may come from 

an overlap along the electron beam axis of some domains 

that are twin-related. It leads to extra-spots created by double 

diffraction in the SAED patterns, and to moiré fringes in TEM 

and High Resolution (HR) TEM images. The extra-spots in SAED 

mimic those of a hypothetical superstructure, such as of the hy- 

pothetical ω phase. 

b) Streaking effect. This artefact comes from the fact that the 

diffraction “points” of nanotwins and stacking faults are degen- 

erated into “streaks” because of the very small thickness of the 

objects. This well-known size effect is at the origin of the peak 

enlargement in someone X-ray diffractograms. In TEM, it makes 

that some diffraction streaks of high order Laue zone intercept 

the Ewald sphere and leave spots in the diffraction plane that 

can be confused with those of the usual Laue zone of order 

zero. Here again the spots may mimic those of a superstructure 

for uninformed microscopists. 

In the present work, we have simulated the SAED patterns of 

aper [1] by assuming a classical bcc structure of Fe, and by taking 

nto account these two possible diffraction effects: (a) the double 

iffraction between the overlapped �3 twins, and (b) the streak 

ffects along the normal to the {211} bcc planes which are the usual 

abit planes of the nanotwins in bcc structures. We used our com- 

uter program GenOVa [12] , as we already did in our work on sil-

con nanowires [11] . 

Let us start by the SAED pattern of Fig. 1 of Ref. [1] reported

n Fig. 1 a. The authors stated that it cannot be explained by twins 

ecause the “the incident electron beam is parallel with the twin- 
rticle under the CC BY-NC-ND license 
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Fig. 1. Simulation of the SAED of Fig. 1 of [1] . (a) Experimental SAED, from [1] . (b) 

Simulation with GenOVa of (a) with the electron beam along the [011] zone axis, 

with the spots of the bcc crystal represented by the red disks, those of the twin in 

blue, and the double diffraction in grey. The orange circle in (a) marks a spitting in 

two of a diffraction spot. 
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Fig. 2. Simulation of the SAED of Fig. 4 of [1] . (a-c) Experimental SAED, from [1] . 

(b) Simulation with GenOVa of (a) with the zone axis along [ ̄1 12]; the spots of the 

bcc crystal are represented by the red disks, the spots of the twinned bcc crystal 

by the blue disks, and the extra-spots coming from a streaking effect of the higher 

Laue zone along the [112] direction by the black spots. The orange circle marks a 

spitting in two of a diffraction spot. 
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ing boundary plane and there is no overlap between the matrix and 

he twin in the depth direction, it is normally impossible to observe 

ny double diffraction in the twinning diffraction pattern ” [1] . It is 

rue that the { ̄2 1 ̄1 } twin plane is oriented along the electron beam

hich is along the [011] zone axis, and it is probable that the 

winned bcc crystals do not overlap, but a dynamical effect is ac- 

ually possible laterally due to the very small dimensions of the 

wins. Indeed, double diffraction comes from the deviation of the 

ncident electron beam diffracted by the first crystal, which is then 

iffracted again by the second twinned crystal. If the second crys- 

al is far from the first crystal, the diffracted beam cannot reach 

he second crystal, and a double diffraction is impossible; but it 

s not so for the intricate structure of nanotwins showed by the 

uthors. Indeed, the diffraction angles are of order of 10-20 mrad, 

nd the thickness of the TEM samples are around 100 nm, which 

eans that the diffracted beam is deviated lateraly by 1-2 nm, i.e. 

he order of magnitude of the size of the nanotwins shown in the 

EM image of their Fig. 1 a. The argument is also reinforced by the

act that the electron beam is not exactly orientated along the zone 

xis, which means that the twin plane is slightly tilted. The simu- 

ation of Fig. 1 a by GenOVa with bcc-Fe and double diffraction is 

iven in Fig. 1 b. 

The reader can check that the positions of the spots are the 

ame and the change of the intensities are in good agreement 

ith those expected by double diffraction. In addition, by looking 

ore carefully at the experimental SAED of Fig. 1 a, one can no- 

ice that the diffraction spots are elongated perpendicularly to the 

211} twin planes. This is the second artefact, which does not lead 

ere to extra-spots from the higher order Laue zones because the 

treaks are parallel to the diffraction plane. By looking even more 

arefully at the spots at high frequencies in Fig. 1 a, one can distin-

uish that they are split in two. This confirms that there are two 
ig. 3. Simulation of the SAED of Fig.7 of [1] . (a) Experimental SAED. (b) Simulation with

ne along [113] (the blue disks). The extra-spots originated by streaks of the higher Laue 

2 
iffracting bcc crystals, and show that the �3 twin relationship is 

ot strictly respected. 

Let us continue with the SAED of Fig. 4 a of Ref. [1] reported

n Fig. 2 a. The authors have also rejected the possibility that the 

xtra-spots could come from twins by arguing that “these extra- 

pots cannot be treated as double diffraction of the {112} < 111 > -type 

winning structure because the twinning plane is {112}, which is per- 

endicular to the incident electron beam. In such cases, all matrices 

nd twins will result in exactly the same diffraction spots and the 

iffraction patterns should be totally overlapped ” [1] . They use this 

rgument several times [ 4 , 8 ]. It is correct, but the authors forget or

gnore the streaking effect perpendicularly to the {112} nanotwin 

lanes, although I clearly warned them several times [2] . This ef- 

ect perfectly explains the extra-spots, as shown by our simulation 

n Fig. 2 b. One can also notice that some spots are split in two,

onfirming the existence of overlapped twins that are not exactly 

n �3 twin relationship. 

Let us end the analysis of Ref. [1] by considering its Fig. 7a re- 

orted here in Fig. 3 a. As all the SAEDs published by Ping et al .,

t can be explained by twin effects, as shown by our simulation in 

ig. 3 b. 

Among the numerous papers published by Ping et al. over the 

ast five years, no new SAED or HRTEM could be shown that could 

nambiguously prove the existence of ω-phase. The burden of the 

roof should not be reversed. Claiming the existence of a new 

hase should be supported by careful, deep and quantitative stud- 

es in which the intensities of the SAED spots and the contrasts of 

he HRTEM images should be compared with simulations. None of 
 GenOVa with two twinned crystals, one oriented along [ ̄1 13] (the red disks) and 

zones along the [211] direction are given by the black dots. 
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Fig. 4. Moiré fringes in HRTEM or HAADF-STEM images generated by twin over- 

laps confused with 9R superstructure in (a-d), and correctly identified as an arte- 

fact in (e). The images were acquired in (a, b) on aluminium alloys, (c) copper, (d) 

diamond. The last image (e) is a GaP thin film grown on a silicon wafer. All the 

images were acquired along a < 110 > zone axis. Origin: (a) from Fig. 2 of [19] , (b) 

from Fig. 4 of [21] , (c) from Fig. 6 of [29] , (d) for Fig. 1 of [31] , (e) from Fig. 1 of 

[32] . 

F

F

he papers of Ping’s group [ 1 , 3-9 ] responds to the level required

or this type of analysis. Actually, all their experimental results can 

e simulated with the usual bcc structure of iron and classical �3 

112} macro and nanotwins, taking into account double diffraction 

nd streaking perpendicularly to the {112} planes. It is known from 

ecades that in high carbon steels there are 24 variants of marten- 

ite in Kurdjumov-Sachs orientation relationship with their parent 

ustenite grain, and that these variants are grouped by �3 twin- 

elated pairs; see for examples [13-16] . It is time to draw a defini-

ive conclusion: there is no ω-phase in high carbon steels, but just 

wins and stacking faults. 

It is not the first time, and unfortunately maybe not the last 

ime, that researchers are confused by diffraction artefacts and 

hink they discovered a “new” hexagonal phase, or more gener- 

lly a new superstructure. The list of papers would be too long 

o establish; we will just mention some of them. Some have re- 

orted the formation of the ω phase in tantalum after extreme 

aser deformation [17] , but the study suffers the same problems 

s Ping’s ones in steels. The positions and intensities of the spots 

n the SAED of Fig. 2 of [17] are the same as those of Fig. 3 , and

hey can be equally indexed by double diffraction and streaking 

ffects. Many also claimed for the existence of a 9R phase in pure 

luminium and Al alloys, for examples [18-22] , but here again, the 

RTEM images shown in these works, such as those reproduced in 

ig. 4 ab, are nothing else than moiré fringes created by overlapped 

wins. There are also numerous papers claiming the existence of 

 9R structure of copper precipitates in iron and steels [23-28] , or 

n copper after irradiation at high temperature [29] ; but the only 

roofs given in these works are here again HRTEM images along 

 110 > zone axes, such as that reproduced in Fig. 4 c, that show ac-

ually only moiré fringes. The moiré are easily recognized by the 

act that the contrasts change all along the interfaces. During the 

EM session, the microscopist can also feel the artefact by the im- 

ossibility to correctly focalize the image. The illusion of 9R does 

ot stop to metals and alloys. Recently, exotic structures of carbon, 

uch ‘M-diamond’ (‘M’ for monoclinic]) and other polytypes such 

s 2H, 4H, 9R and 15R were reported in papers published in Na- 

ure [ 30 , 31 ]. Some stacking faults, and random sequences of stack- 

ng faults, may probably be locally assimilated to 2H structures, 

ut the images shown in these studies, such as that reproduced 

n Fig. 4 d, mainly exhibit moiré and odd contrasts that come from 

f overlapped nanotwins and stacking faults. The misunderstand- 

ng of basic diffraction artefacts in recent literature is all the more 

nfortunate that it was well known by some microscopists in the 

ast. The HRTEM image reproduced in Fig. 4 e was obtained in thin 
ig. 5. HAADF-STEM images along the < 110 > zone axis of real ω phase in Ti alloys (a,b) and of 2H structure in a Si/GaP nanowires. Origin: (a) from Fig. 3 of [40] , (b) from 

ig. 1 of [41] , (c) from Fig. 2 of [42] . 
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lms of GaP [32] ; it shows the same contrasts as those of Fig. 4 a-d,

ut was naturally considered by their authors as moiré contrasts. 

imilar images in silicon were also interpreted as moiré [33] . 

Literature is full of back-and-forth papers between (a) those 

laiming the existence of new hexagonal or superstructure phases, 

ften published in high rank journals, and (b) the others, less nu- 

erous, infirming the conclusions of (a) and warning of the effect 

f twin artefacts [ 11 , 34-39 ]. It seems that the papers (b) are reg-

larly forgotten, which lets those of type (a) regularly flourish at 

he same rhythm. We hope that the present paper (of type b) will 

low down this unfortunate cycle. 

Claiming the existence of new exotic phases from TEM should 

equire a careful study of the SAED intensities and HRTEM con- 

rasts. The HAADF-STEM images should be compared to those ex- 

ected from the hypothetical structures. Such studies exist. They 

rove that ω-phase is a real phase in titanium alloys, as illustrated 

n Fig. 5 ab from [ 40 , 41 ] and that a 2H hexagonal form of Si can be

btained on nanowires by an epitaxial method, as shown in Fig. 5 c 

rom [42] . The reader can compare these images showing a per- 

ect repeatability of zig-zag motifs made of sharp atomic columns, 

ith those of Fig. 4 with their moiré and blurred contrasts. In Ti al- 

oys, the images of the ω-phase are not always as clear as those of 

ig. 5 ab because the ω-precipitates are often very small and over- 

apped by the β matrix (see for example [ 43 , 44 ]), but there is no

eason to doubt about the existence of this phase thanks to the 

tudies [ 40 , 41 ], and to many other studies in which the atomic po-

itions and the precise lattice parameters are deduced from X-ray 

iffraction (see for example [ 45 , 46 ]). 

In conclusion, all the SAED and HRTEM shown in literature to 

nfer the existence of a ω-phase in high carbon steels are actu- 

lly explainable by moiré and streaking effects due to the pres- 

nce of twins and nanotwins. To our knowledge, the existence of 

he ω-phase was only proved in titanium alloys. The 9R form of 

luminium or copper, or the ‘M-diamond’, 2H, 4H, 9R or 15R ex- 

tic forms of carbon were also incorrectly deduced from the same 

iffraction artefacts. 
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