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Abstract 

Unusual features of (1 2 0)and(l 2 2) deformation twins in monazite (monoclimc LaPOj) are described and analyzed. 
These features are kinks and other irregularities in (I 2 0) twins, and V-shaped indentations on (I 2 0) and (I 2 1) twin 
planes. Twinning shear analysis suggests thai the kinks are a type II deformation twin mode with shear direction Of,) 
of (2 I 0]. This complements previous analysis based on atom shuffling considerations. Shear strain compatibility 
requires extensive plastic deformation in the kink. The V-shaped indentations may be analogous to similar structures 
in b.c.c metal defonnation Iwins. Deformation mechanisms that may be associated with these structures are discussed. 
Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

Keywords: Crystalline oxides; Transmission electron microscopy: Twinning; Modeling; Deformation structure 

1. Introduction 

In a companion paper, five deformation twin 
planes were identified in monazite (monoclinic 
LaP04) indented at room temperature, and twin 
modes for these planes were .suggested [I]. Con- 
ventions lor description of these modes are given 
in that paper. It was suggested that the defonnation 
twin modes in monazite tend to be those with the 
smallest atom shuffles and shuffling periodicity 11 ]. 
Two of these twins had unusual features. (12 0) 
twins were kinked on the "(4 8 3)' plane, and in 
some cases appeared to be resorbed by the parent 
grain. Both (I 2 0) and (1 2 2) twins had V-shaped 
indentations [I]. Thorough description and analysis 
of these twins and their unusual features is the sub- 

Tel.: +1-937-2559825; fax: +1-937-6564296. 
E-mail address: Randall.Hay#wpafb.af.mil (R.S. Hay). 

ject of this paper. The likely modes for these twins 
were identified as (1 2 0)[0 I 0]„ (12 2) [0 I I],. 
and the kink in (I 2 0) twins was suggested to be 
(100)|2 10]|, L■ J- Analysis that supports these 
mode identifications is presented here. Analogues 
to features of defonnation twinning in b.c.c. metals 
are also discussed [2,3]. 

Monazite (I.aP04) is refractory (mp 2072 °C), 
relatively soft (5 GPa), and machinable [4,5]. It is 
stable with many common structural oxide cer- 
amics [6). The weakness of monazite relative to 
other refractory oxides in both the brittle and duc- 
tile field makes it interesting for various structural 
applications [4,5,7-13]. As before [1|. we use the 
P2|/n monoclinic space group convention to 
describe monazite, with lattice parameters a = 
0.6825 nm, b = 0.7057 run, c = 0.6482 nm, and 
ß = 103.21°. 

I359-6454/Ü3U.00 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
doi:l0.1Ul6/Sl359-6454|03)00304-5 

^-°3-/z^w 
ßGS. I 
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2. Experiments 3.2. Indentations 

Monazite powder was hot-pressed lo a 5-2Ü urn 
grain size. The hoi-pressed material was indented 
al room temperature with 20 kg load and a 3 mm 
spherical lungsten carbide indenter 11.41. TEM 
samples of regions underneath the indents were 
prepared as previously described [14-16|. TEM 
observations were done in a Phillips CM200 THM 
with a Held emission gun operating at 200 kV. 
TEM negatives were digitized and measurements 
were made off the digital images. Further details 
are given in a companion paper |l]. 

3. Results and discussion 

One (12 0) twin had a V-shaped indentation 
defined by (I 2 2) and (1 2 2) (Fig. 2). Since the 
sides of the indentation show little or no projection 
on the [2 I 0| imaging /one. the indentation must 
be aligned with [2 T 01. and therefore fairly well 
aligned with the shear direction /}, for this twin 
mode, which is *|4 2 11*. 

Twin boundaries with indentations that are aligned 
with rj, arc found in deformation twins in b.c.c. met- 
als [2|. A suggested formation mechanism involves 
hindrance of twinning screw dislocations by an 
obstacle during lateral twin growth. The twinning dis- 
locations combine to form lattice dislocations, which 
move around the obstacle by cross slip, forming the 

5.7. General 

Five out of a total of seventj observed twins 
were (12 0) twins. They were observed along 
[00 l|. |2 l l|, |2 l 0|. and [423] zones (Fig. 1). 
They averaged 28 nm in width. One was cracked 
on one side, showing (12 0) cleavage. Grains con- 
taining these twins had either no evidence of dislo- 
cation slip, or low dislocation densities. (120) 
twins have a close match with a low 2 CSL. which 
suggests they may have low interface energy |1]. 
The atomic shuffle displacements and shuffling 
periodicity for the (1 2 0)10 101, mode are the 
smallest of all the possible (12 0) modes with 
index ^4. The presence of a reflection plane across 
the (I 2 0) twin plane rules out a type II mode that 
also has small shuffle displacements and period- 
icity, so (I 2 0)10 I 0|| was suggested to be the 
operating mode [I]. 

Rg.2.   Indented (I 2 0» win. The sides of (he indem are 
(I 2 2) and (I 2 2) planes of the win lamellae. 

(1201 

Fig. 1.    Rlcciron diffraction patterns for the (I 2 0) Win along four different /ones. 
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indentation (Fig. 3) [21. The twinning shear direction 
rji, twinning dislocation bj, and lattice dislocation b, 
must all have the same direction, and for b.c.c. metals 
this is [I I I] (Fig. 3). 

Despite dissimilarity in the materials systems, 
indents in (1 2 0) monazile twins resemble those in 
(112) b.c.c. metal twins. The morphology is simi- 
lar, and in both eases the indent axis appears to 
be aligned with the twin shear direction (t),). We 
examine whether the suggested b.c.c. metal inden- 
tation formation mechanism can apply to mono- 
clinic LaP04. 

The twinning dislocations (br) for the (12 0) 
twin are [17]: 

'T|l  2 0) - </.*/)lflM).33'[4 2  ll',(<nnV) <i:i 

where d is the (12 0) plane spacing, s is the twin 
shear, and r/m is a unit vector along )],. In b.c.c. 
crystals, the twinning and slip directions are the 
same. For type I twins in a monoclinic material like 
monazite. rj, is irrational (in this case very close lo 
[4 2 1 ]). and cannot be a lattice dislocation Burgers 
vector. Also. 7f, of '[4 2 I]' is not exactly cozonal 
with (1 2 2) and (I 2 2). but it is close. Within 
about 19c error: 

bT<I20,~-[2lO] + —[0 0 1J (2) 

|2 I 01 dislocations can glide on (I 2 0), (I 2 2) or 
(i 2 3);_[0 0 1] dislocations can glide on (12 0). 
The 12 I 0J dislocation size of 1.54 nm would seem 

Hi = [HI] 
(growth direction) 

to prohibit its existence unless il dissociates. It is 
unclear how the relatively small number of |0 0 1 ] 
dislocations would bypass obstacles. If rj, was mis- 
ideniified and was actually (2 I 0|. the |00 1| 
component would be unnecessary, but clearly this 
cannot be true—the twin was imaged along the 
[2 T 0| zone, and misorientation across the bound- 
ary is clear in electron diffraction patterns and lat- 
tice images (Fig. 2). 

Poorly developed indentations were also 
observed on (1 2 2) twin boundaries (Fig. 4). The 
indentations were weakly defined by (0 0 1) and 
(I 2 0). The mode for this twin was identified as 
(12 2)|01 T|,(l|. Hererj, is'[940]', which, like 
the (12 0) indentation, is also close to [2 I 0|. By- 
analysis similar to Eqs. (I) and (2): 

bTll 22l~0.096'(9 4 0]'fl (nm)~j~:[2 , 01 

+ io1|l00| + iöö10011 

(3) 

50 nm 

Fig. 3.    Schematic of indentation formation during twinning in 
b.c.c. metals (after Nariia and Takamura». 

Fig. 4. Indentation in a (I 2 2) twin (upper twin boundary, 
right hand side). This twin terminates at a (00 I) cleavage 
crack- 
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As with the (12 0) indentation, [2 I 01 dislo- 
cations can glide on the (I 2 2) twin plane as well 
as the (0 0 1) and (12 0) indentation planes. How- 
ever, it is also unclear how the small number of 
[10 0] and [0 0 1J dislocations would bypass 
obstacles. 

For both (1 2 0) and (I 2 2) twins, the inden- 
tation axis lies along rj, (which in both cases is 
close to (2 I 01). as it also does for b.c.c. metals 
[2|. However, unlike b.c.c. metals, formation of the 
indentations requires formation of large |2 I 0| lat- 
tice dislocations from twinning dislocations, dis- 
sociation of these lattice dislocations, cross-slip of 
these dissociated dislocations along the indentation 
planes, and possibly minor glide through growth 
obstacles by other dislocations along the twin 
plane. Independent evidence of |2l0| monazite 
dislocations, or their equivalent, that slip on 
(1 2 2), (1 2 5), (1 2 0), and (0 0 1) is necessary to 
confirm the analogy with b.c.c. metals. 

3.3.  Kinks 

Kinked (12 0) twins were observed in two mon- 
azite grains. In a companion paper, the 
(10 0)12 I Old twin mode for these kinks was 
shown to have very small atom shuffles and shuf- 
fling periodicity relative to almost all other poss- 
ible monazite twin modes |1|. A description and 
analysis of the morphology and crystallography of 
the kinks follows, with determination of the twin 
mode by methods that complement the previous 
shuffling analysis. 

One monazite grain had two nearly parallel len- 
ticular (1 2 0) twins (Fig. 5). One twin had an 
irregular morphology; in places it entirely disap- 
pears, suggesting resorption into the matrix by twin 
grain boundary migration. The other twin was 
kinked, and the planar junction between the kink 
and the (1 2 0) twin is nearly parallel to the TEM 
foil ([0 0 1] imaging zone, close to (00 1)). The 
partially resorbed twin may also be kinked. 

Another grain had three (120) twins, of which 
only one was kinked (Fig. 6). These kinks were 
oriented so that the kink plane was parallel to the 
|2 T 01 imaging zone. In this orientation the kink 
can be identified. The twin-matrix, kink-matrix, 
and   kink-twin   planes   (K,)   are   denoted   by 

superscripts A. B, and C, respectively (Fig. 6). 
K* is (I 2 0). Kf the planar junction between the 
kink and the (I 2 0) twin, is misoriented about 6° 
from (0 0 1). similar to the orientation of the same 
junction in Fig. 5. Although there is some variation 
of the K1,1 plane orientation in different kinks, by 
inspection from Fig. 6. Kf is close to (12 1). 
Although variable in intensity, probably because of 
the sample thickness and difficulty in tilting 
exactly to the [2 I 0] zone, the (001) planes are 
not misoriented across K". Therefore K" cannot 
be a plane of reflection, and the [2 I 01 zone axis 
must be coincident with tfi where the (00 1) 
planes are related by a 180° rotation around |2 1 0) 
rather than a reflection across Kf. The "B" twin is 
therefore a type II twin with ^f (shear direction) of 
[2 1 0]. This is close to the shear direction of the 
(1 2 0) "A" twin (nf ='[4 2 I]'). 

From K? of ~< I 2 1) and i)f of [2 I 0]. the plane 
of shear that contains K„ K;. »7,, and rj2 for the 
"B" twin can be found from a stereonet (Fig. 7). 
To minimize the displacement field across Kf, we 
assume that the shear (,v) of the B twin is similar 
to that of the (12 0) twin (s = 1.06). Only one 
possibility with indices ^2 is evident—a 
(I 0 0>[2 T OJn mode with shuffling periodicity (A) 
of 1 (K? = '(483)', s = 1.16). A (1 2 1)[02 1|, 
mode with shuffling periodicity (X) of 5 (s = 
1.17) has a similar shear transformation, but 
besides having high shuffling periodicity it requires 
reflection across Kf, rather than the observed 180"' 
rotation (Figs. 6 and 7). 

In general, sequential shear transformations are 
not another shear transformation, but a displace- 
ment field [18]. Sequentially shearing monazite by 
(I) the inverse shear (V*)"1 of the (1 2 0) twin and 
2) the shear from the (l00)[2 1 0]„ kink twin 
mode (Va) gives the displacement field (W*-) 
across Kf (Fig. 6). 

A shear transformation (V;) for a deformation 
twin can found from: 

Vi = « + tifiJEu. (4) 

where subscript n represents a cartesian unit vector 
found by standard methods [18]. The displacement 
field (W°) across Kf is: 

yyv - (VA(-l  x yB (5) 
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Fig. 5.    Parallel (I 2 01 twins.  The twin on the left has irregular morphology and looks like it has been rcsorbed into the matrix. 
The twin on the right is kinked on a plane almost parallel to the TEM foil. 

(120) 

Fig. 6. Kinked (12 0) twins, viewed along the [2 I 0) imaging 
zone. The kink lies along '(4 8 3)' and there is no rotation of 
(00 I) lattice fringes across "(4 8 3)'. 

'(129) 
(001) 

Fig. 7. Sterconci showing principal directions and planes of 
shear for twin modes for the (I 2 0) twin and the '(4 8 3)' kink, 
and the slip systems that must bo active to accommodate defor- 
mation in the kink. Solid arrows show twin shears (if; lo K,)\ 
gray arrows show shears necessary to accommodate compati- 
bility strain, and white arrows show how shear on '(1 2 9)* can 
be decomposed to shear on (00 I> and (I 2 0). The stcrconct 
is drawn with the same orientation as the TEM image in Fig. 6. 

>V° has one eigenvector very close lo [2 I O]«^. 
Therefore H^ is a displacement field with an 
invariant line, rather than a shear transformation, 
which would have an invariant plane with two 
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orthogonal eigenvectors. IV° can be decomposed 
into two shear transformations of shear magnitude 
.v and direction i] along plane K(s[X]\(K)), one with 
0.220|00I)(l 2 0). and the other with 
0.424(2 T 0]'(1 2 9)', where the irrational plane is 
more accurately given as (0.053, 0.105. 0.993). 
[0 0 1] is the smallest monazite Burgers vector 
(0.65 nm) (16J, so |0 0 1 ](I 2 0) slip is a reasonable 
deformation mechanism for the |0 0 11 component 
of the displacement field. We next examine poss- 
ible explanations for the [2 T 01 component. 

The shear in the [2 I 0] direction is extremely 
close to thai for the (2 I 0)12 I 0J„ twin mode (s 
= 0.426. A", = 'O 2 9>\ Fig. 7). Maximum La atom 
and PO; tetrahedra shuffles of —0.14 nm and a 
shuffling periodicity X of 5 were found for this 
mode by methods discussed previously [1], 
Although the shuffles are small compared to most 
other possible monazite twin modes, they are sig- 
nilieantly higher than those inferred for the other 
five twins. Furthermore, if the kink-twin boundary 
(boundary "C") is a (2 1 0)[210]„ mode, it 
requires thai the misorienlation for boundary "C" 
be a I80= rotation around [2 1 0], but the boundary 
instead is a reflection plane or a 180° rotation 
around the normal to "C" (-[2 1 9], Figs. 6 and 7). 
which can be confirmed by sequential 180° rotation 
around K? (I 2 0) and rf [2 I 0) for the type I and 
type II twin modes that describe twins "A" and 
"B". respectively (Figs. 6 and 7). Therefore, there 
must be another explanation for the 12 I 0| compo- 
nent of the W° displacement field. 

The displacement field IVer has one invariant 
line, which is what is expected for "non-classical" 
or double-twinning [17,19-21). However, for dou- 
ble-twinning the invariant line of the displacement 
field is perpendicular to the shear direction for both 
twins, but for W*7 the [2 I 01 invariant line is 
coincident to the shear direction. Therefore a dou- 
ble-twinning mechanism cannot explain the [2 T 0] 
component of U". 

The 0.424[2 1 0]'(1 2 9)' shear can be decom- 
posed to shear on rational planes: 
0.417(2 I 0((0 0 1) and 0.045(2 I 0]( 1 2 0) (Fig. 7). 
These are the same slip planes and directions 
inferred for growth of indentations on (1 2 2) twin 
planes (Section 3.2). The |()0 1J(12 0), 
[2 I 01(00 1). and (2 I 0|(l 2 0) slip systems are 

therefore suggested to accommodate the displace- 
ment field (IVer) for the kink. 

Precise calculations cannot be made because the 
single crystal elastic constants of monazite are not 
known, but clearly the shear stress from a shear 
strain of >0.4 (>20°) is of at least 10 GPa level. 
Presumably, kink formation would be energetically 
prohibitive if this stress were not simultaneously 
relieved by slip during kink growth. Topologically. 
the displacement field (W°) for the kink requires 
emission of approximately one b = (0 0 1) and one 
b = [2 T 01 dislocation (or its dissociated equivalent) 
for every 10 (1 2 0) layers at the kink growth front. 

3.4. Irregular kink-boundary morphology 

It was previously noted that kink boundary ("B") 
orientations varied from kink to kink (Fig. 6). and 
that some (12 0) twins have highly irregular 
boundaries that suggests they are heavily kinked. 
or resorbed into the parent grain by some other 
process (Fig. 5). Several explanations for the 
irregular morphology seem possible. 

In one grain (Fig. 6). dislocation slip systems in 
the parent grain intersect the kinked twins, which 
may contribute to local distortion of the twin 
boundaries. The prevalence of kinks might also 
affect boundary morphology—the '"resorbed" 
(I 2 0) twin (Fig. 5) might be an example of a 
particularly heavily kinked twin (Fig. 8). This 
"'resorbed" morphology could also be an artifact 
from a 2-D slice through a continuous twin growth 
front that undulates in and out of the TEM foil. 

Fis. S.   Schematic diagram of kinked twins. 
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The irregular morphology could be intrinsic to 
the extensive dislocation emission required during 
kink growth. Variations in morphology could be 
related to local hindrance of dislocation emission 
and motion. This would generate very high stress 
that could drive strain induced boundary migration 
of the twin boundaries. In the TEM image of Fig. 
6 there may be voids along kink ("B") and kink- 
twin boundaries ("C") that could form from such 
stress. It is not clear how thermally activated pro- 
cesses such as void growth and boundary migration 
could take place during room temperature inden- 
tation in a refractory material like monazite. How- 
ever, microstructures resembling dynamic recrys- 
taHization have been observed in monazite coatings 
on fibers during fiber push-out at room temperature 
(221, and monazite can recrystallize at near-room 
temperature after radiation damage 122-25]. 

systems are required for this deformation. As for 
boundary indentations. [2 1 01 dislocations pre- 
sumably dissociate. It will be interesting to see if 
these [2 I 0] slip systems, or their dissociated equi- 
valents, can be independently observed. Irregu- 
larities in boundary morphology of (I 2 0) twins 
and their kinks may be related to hindrance of dis- 
location slip, but other explanations are possible. 
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