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Residual stresses induced by laser coatings: 
phenomenological analysis and predictions 
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Laser surface treatments induce, like any other surface treatment, thermal gradients and hence 
residual stresses. In the present work, these stresses are determined in the case of coatings of 
various metallic materials on two different substrates: a low carbon steel and an austenitic 
stainless steel. Qualitative analysis of experimental results is performed by using a 
phenomenological modelling based on a decomposition of the specimen into three different 
parts. A generalization is proposed, which allows simple predictions of the behaviour. 

1. Introduct ion  
Residual stresses have a critical influence on behavi- 
our and lifetime of a machine part or a structural 
component, because they are superimposed upon ex- 
ternal applied stresses, and hence they modify the real 
value of load in the part considered [1-3]. Coatings 
or surface alloying, performed by conventional 
processing or by high-energy beams, induce, like any 
other surface treatment, thermal, structural or chem- 
ical heterogeneities. Consequently residual stresses are 
observed after such treatments. A complete under- 
standing of these laws is a prerequisite to the develop- 
ment of these technologies. This control could be 
achieved by modelling, for any given coating- 
substrate system and for any processing conditions, 
the obtained residual stress field. Predictions require 
knowledge of the thermophysical properties of the 
materials and their evolution as a function of temper- 
ature. Currently, there is a lack of experimental 
data, especially concerning alloys used for tech- 
nical applications. This paper describes a pheno- 
menological analysis, based on an experimental 
approach. Results concern cobalt-, nickel- and iron- 
based alloys, deposited on either an austenitic stain- 
less steel or low-carbon steel. A generalization is 
proposed. 

2. Experimental procedure 
The coatings and the substrates had the composition 
listed in Table I. 

Powder was injected into the laser beam and the 
following processing conditions were used: 4 kW COz 
laser, supplied by CILAS, operating with a TEM 01 
mode; output power between 2300 and 2600 W; ZnSe 
lens, focusing distance 127 mm, defocusing distance 
40 mm; lateral powder projection nozzle; protecting 
gas nitrogen; sample scanning speed in the range 
4 6.6 mm s -1 

3. Results 
Laser-sprayed coatings were about 2 mm wide. By 
performing parallel successive tracks, with a partial 
overlapping, large surfaces may be achieved, as illus- 
trated in Fig. 1. A typical micrographic observation 
on a transverse cross-section is shown in Fig. 2: both 
coating and substrate are clearly observed. These 
coatings have been studied in detail elsewhere [4, 5]. A 
fine microstructure is observed and only equilibrium 
phases are obtained after solidification. Furthermore, 
the determination of the residual stress field was per- 
formed using a destructive testing method I-6-8], in a 
large variety of metals and alloys [5, 6, 9, 10]. Indeed 
about 50 systems were analysed. Figs 3-5 show some 
representative examples, erL and era- are the average 
values of longitudinal and transverse stresses, respect- 
ively, in the (L, T) plane. 

The main results may be summarized as follows: 
(i) erL and er à  are nearly equal. We will assume, in 

agreement with the beam theory, that the stress er3 in a 
direction perpendicular to the specimen surface is 

T A B L E  I Compos i t i on  (in wt % )  of mater ia ls  used for coat ings and  substra tes  

Fe C Co Cr  Ni W Si M n  , S M o  B 

Co base 0.42 1.25 63 28.5 1.1 4.5 1.1 0.02 0.01 0.01 - 

Ni base 30 36 5 - - - 9 3 

Steel 1010 bal. 0.1 - - 0.1 - 0.3 0.5 0.02 - - 

Steel 304L bal. 0.03 18 10 0.07 1.5 - - 
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Figure 3 Residual stress field produced by a cobalt-based alloy 
coating (63Co-28Cr-W-(1.2C)) on an austenitic stainless steel 
304L. P = 2600 W, V = 6.6 mm s-  1. 

Figure 1 Example of coating obtained by laser treatment. 
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Figure 4 Residual stress field produced by a nickel-based alloy 
coating (36Ni-30C~20Fe-Mo-W-B-(1.00C)) on an austenitic 
stainless steel 304L. P = 2300 W, V = 6.6 mm s-  1. 

Figure 2 Example of micrography of a transverse cross-section; 
cobalt-based alloy coating on an austenitic stainless steel. 
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Figure 5 Residual stress field produced by a nickel-based alloy 
coating (36Ni-30Cr-20Fe-Mo-W-B-(1.00C)) on a low-carbon 
steel XC10. P = 2300 W, V =  6.6 mms  -1. 

negligible, due to the symmetry of both sample shape 
and treatment processing. 

(ii) For a given metallurgical state, the residual 
stress variations are small. Therefore the average value 
is significant. 

(iii) Sharp transitions are observed between the dif- 
ferent zones. 

(iv) Coatings obtained with materials used for tech- 
nological applications are almost always in tension. 
So the real value of load in these parts will be 
enhanced by these internal stresses. 

4. Phenomenological modelling 
4,1. Equivalent stresses; block scheme 
Referring to Von Mises's criterion I-3, 11-13] and 
taking into account the previous observations, the 
equivalent stress, 0-E is given by 

20-E 2 = ( 0 - L  - -  O-T) 2 -[- ( 0 -T  - -  0 " 3 )  2 ~-  ( 0 " 3  - -  O"L)  2 

(1) 

h e n c e  0"E = 0"L ~ 0"T b e c a u s e  0"3 = 0. 

E x p e r i m e n t a l  r e s i d u a l  s t r e s s  f i e lds  a r e  t h e n  s c h e m -  

a t i z e d  a s  s h o w n  in  F i g s  6 a n d  7, c o r r e s p o n d i n g  t o  
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Schematic representation of the curve of the residual stress yield 
created by a cobalt-base alloy coating on an austenitic stainless steel 
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Figure 6 Block scheme associated with residual stress fields (cf. 
Fig. 3). 
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Figure 7 Block scheme associated with residual stress fields (cE 
Fig. 5). 
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Figs 3 and 5, respectively. Assuming a continuity 
between the different parts, the equivalent length, L~, 
corresponding to the whole sample, is obtained, for 
each block, by developing an elastic deformation, ei. 
The final length of a block, L i, is then given by the 
summation of this deformation with the length ob-  
tained without any load. Hooke's law can be written 

0"i = Ei~,i (2) 

where E~ is the longitudinal elastic modulus of part i. 

4.2. Analysis of the residual stress 
development  

4.2. 1. Stainless steel substrate 
To understand the stress origin requires an analysis of 
the complete heat-treatment cycle. Let us, for example, 
consider the configuration shown in Fig. 7: three 
blocks may be considered. 

Block 1, which corresponds to the substrate. There 
was no irreversible effect during the heat cycle. 

Block 2, which refers to the heat-affected zone of 
the substrate, in which metallurgical transformations 
and/or thermo-mechanical deformations occurred. In 
this austenitic stainless steel, only a creep phenom- 
enon may be induced by thermal gradients during 
either heating or cooling. These gradients may be 
estimated from computing programs [14, 15]. Owing 
to the short duration of this cycle (about 1 s), we 
assume that creep occurs only in the temperature 
range (700 ~ where T M is the melting temper- 
ature, and the average temperature is then about 
1075 ~ Therefore, due to the thermal expansion of 
Block 2, the length of part 2 should be given, at the 
beginning of the coating processing, by  (Lo + a2 
x 1075), where a z is the thermal expansion coefficient 
of Block 2. However, in this temperature range, the 
flow stress of the austenitic stainless steel is very small 
and therefore continuity with the unheated substrate 
will induce a pronounced creep and the length of L 2 
will remain nearly constant, to Lo. 

Block 3, associated with the coating, does not exist 
during heating. In the liquid state, its length corres- 
ponds to the underlying block, i.e. Block 2 (length L o), 
but with a temperature nearly equal to its melting 
point (1400-1500 ~ 

Therefore residual stresses will be mainly created 
during cooling after the coating process. Let us ana- 
lyse the behaviour of the different parts during this 
stage. 

Block 1 remains unchanged, at L o. Owing to the 
absence of any plastic deformation, the initial value is 
again obtained after the thermal cycle. 

Block 2: no metallurgical transformation occurs 
during cooling, and therefore its final length is simply 
given by 

L 2 = Lo(1 - a  2 x 1075) (3) 

The value of a 2 was determined experimentally, as 
shown in Fig. 8; a is the integral coefficient defined by 

L ( T )  -- L o 
a - (4) 

L o ( T -  To) 
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Figure 8 Integral  l inear thermal  expans ion  coefficient versus  tem- 
pera ture  for the austeni t ic  stainless steel. 

where Lo is the initial length at To and L ( T )  the value 
at temperature T. For A T =  1075~ we obtained 
a 2 = 20x 10 -6 K -1. 

Finally, the length Le, of the sample is given by the 
relation 

Le = L 3 + e3 = L2 + e2 = L o + e l  (5) 

which takes into account both elastic accommodation 
and continuity conditions. Young's modulus values 
were determined, at room temperature, by a vibra- 
tion testing method [5]: E 1 = E 2 - -190000MPa;  
E 3 - -220000MPa.  Then the equilibrium equation 
becomes 

0-3 
Le = Lo(1 - a3 • 1450) + - -  

E3 

0" 2 
= Lo(1 -- a z x 1075) + - -  

E2 

0"1 
= L 0 + -  (6) 

E1 

and the different values a r e  L 3 < L z < L o. This result 
is in agreement with the experimental determination. 
It is obvious that this approach is only a rough 
approximation, because plastification effects induced 
during cooling may induce modulus changes and only 
elastic phenomena are considered. However, a qual- 
itative agreement is observed. 

4 . 2 . 2 .  L o w - c a r b o n  s t e e l  

Phenomena occurring during heating are nearly the 
same as those obtained previously: the only trans- 
formation observed is the allotropic transformation 
in Block 2, with the formation of austenite 1-15-17]. 
Location of the boundary between the substrate and 
the heat-affected zone depends on the considered crit- 
ical temperature: values between At3 and Act (about 
700 and 1000 ~ respectively) may be taken, due to 
the shift which could be induced by the rapid heating 
[18]. However in any case, creep will occur during this 
stage. 

During cooling, behaviour of Blocks 1 and 3 is 
identical to the previous case. On the other hand, 
a new phenomenon arises in Block 2: the trans- 
formation of austenite into a mixture of ferrite and 



pearlite (or bainite) in the temperature range 
500-700 ~ or into an acicular ferrite by a displacive 
transformation in the temperature range 400-300 ~ 
Owing to the high quenching rate and to the observed 
residual stress field, this second hypothesis appears to 
be the more realistic. Therefore, three different steps 
have to be distinguished during the cooling of Block 2. 

(a) First stage: from the end of the heating (average 
temperature estimated to about 1200 ~ [5] down to 
about 300 ~ Then the length, L', is given by 

L' = Lo[1 - a 'x(1200 - 300)] = 0.9865L o 

(7) 

with a' = 15x 10 - 6  K - 1 1 5 ] .  

(b) Second stage: a martensitic transformation oc- 
curs, with a progressive volume increase. For  the given 
carbon concentration, this volume increase may be 
taken equal to about 1.5% and consequently the 
obtained length value, L", at end of this step may be 
written 

L" = 1.015 x L '  

= 1.001 x L o (8) 

so the plastification phenomena will be negligible. 
(c) Third step: from 300 ~ down to room temper- 

ature. The final length, L2, is then given by 

L 2 = L'(1 - a 2 x 300) = 0.9961 L o (9) 

with a =  1 3 x 1 0 - 6 K  -1. To summarize, we have 
L3( = 0.9728 Lo) < L2( = 0.9961 Lo) < L 1 ~ L o. 

Analysis of these two typical examples reveals that 
this phenomenological approach describes fairly well 
the process which induces the residual stress field. 
Three main conclusions may be drawn. 

1. Heating induces a creep phenomenon in the 
heat-affected zone. Therefore, to assume a constant 
length in this zone appears realistic. This hypothesis is 
also confirmed by other studies [19, 20]. 

2. The differences in thermal expansion coefficients 
are the main factors which create residual stresses. 
Plastification effects during cooling have only a sec- 
ondary influence, probably on the magnitude of these 
stresses, but not on their sign. 

3. The delimitation of the different blocks is based 
on the thermal gradients. 

5. General izat ion 
Generally, the formation of a metallic coating on a 
substrate induces the creation of three different zones, 
which may be treated as three separate parts, as shown 
above. 

Part 1: the substrate. Effects induced by the ther- 
mal cycle are negligible. It may be assumed that the 

temperature remains constant and equal to the initial 
value T1. Modulus of elasticity is El. 

Part 2: the heat-affected zone. The heat cycle, T ( t ) ,  

at any point in this zone causes structural changes. 
This cycle is determined by laser heating or by any 
other energy source. A critical temperature, To, may be 
defined; above this temperature different kinds of 
phenomena may be achieved: microstructural modi- 
fications (allotropic transformations, solution or pre- 
cipitation reactions, recovery, recrystallization and 
grain growth, structural relaxation or crystallization 
in amorphous materials); plastic deformations in- 
duced by thermo-mechanica! effects, etc. 

The average temperature in this part is T 2 and E z is 
the Young's modulus. We define AT 2 = T 2 - T 1. 

Part 3: the coating, or, more generally, the melted 
zone, characterized by the solidification temperature 
TM3 and by the modulus E3. Let us define AT3 = TM3 
-- 7"1. As shown above, due to continuity and equilib- 

rium conditions, the equivalent equilibrium length Le, 
is given by 

0" 3 0" 2 
L e = L 3 + - L 2 + - -  

E3 E2 

0" 1 
= L1 + - -  (10) 

E1 

It is well known that a possible method to improve 
mechanical behaviour and especially fatigue strength, 
is to add compressive residual stresses in the surface 
layer (Part 3) (0"3 < 0). In these conditions the overall 
equilibrium of the specimen induces tensile stresses in 
the underlying zone (Part 2) (0"2 > 0). These condi- 
tions can be written (0"3 /E3)  < 0, (0"2 /E2)  > 0. S o  i t  

may be predicted that a fatigue strength improvement 
requires that L3 > L2, L2 < Lo. 

Different values of a (thermal linear expansion 
coefficient) and TM (melting temperature) are listed 
in Table II, for classical materials. Some cases appear 
to be of interest. 

(i) The formation of a coating with a low coefficient 
of thermal expansion (a3) (chromium or manganese 
for example), and with a low melting point (T~) (un- 
fortunately this condition is not fulfilled for these two 
metals). So an alternative has to be found. 

(ii) Utilization of a substrate with a high thermal 
expansion coefficient (aluminium or magnesium for 
example), combined with a high value of T 2 (not true 
for aluminium or magnesium). Hence a new problem 
occurs. 

Let us, for example, consider the case of a pure 
iron, nickel or cobalt coating on an austenitic stain- 
less steel. Values are as follows: AT 3 = 1500~ and 
AT 2 = 1100~ Then the condition is given by 
( a 3 / a 2 ) < 0 . 8 3 ;  as a 2 = 2 0 x 1 0 - 6 K  -1 we obtain 

T A B LE I I Melting temperature and average linear thermal expansion coefficients of some metals 

Ag A1 Au Co Cr Cu Fe Mg Mn Mo Ni 

TM(~ 961 660 1063 1495 1875 1083 1536 650 1245 2610 1453 

a(10-6 K -1 ) 19,7 22 14,2 12,5 6,2 16,4 12,6 26,1 22 5,1 13,3 

1 243 
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Figure 9 Residual stress field produced by a pure iron coating 
(99 Fe) on an austenitic steel 304L. P = 2300 W, V = 6.6 m m  s -  1. 

a3 < 14 .6x10-6K -1. Therefore a coating of pure 
iron, cobalt or nickel on this austenitic stainless steel 
should induce compressive residual stresses. Experi- 
mental results (Fig. 9) are in close agreement with this 
prediction. So this condition appears to be a good 
choice criterion. Other experiments should, however, 
be performed to confirm this conclusion. 

In materials commonly used for technical appli- 
cations, various phenomena must also be taken into 
account. 

(a) In some alloys, phase transformations can occur 
during the heat cycle, during either heating or cooling. 
Owing to the short duration of this cycle, this phe- 
nomenon concerns mainly transformations without 
diffusion; indeed time allowed for diffusion is not long 
enough to enable significant changes, especially in 
substitutional alloys. The case of carbon atoms in 
solid solution (in interstitial position) in iron is, how- 
ever, an important exception, as shown by Ashby and 
Easterling [15]. Some of the changes are diffusion 
controlled: the dissolution of cementite and the homo- 
genization of austenite for example. For these, the 
extent of the change depends on the total number of 
diffusive jumps which take place during the cycle and 
hence on the diffusion distance X, given by [15] 

X 2 = 2 D dt (11) 
o 

where D is the diffusion coefficient, which is temper- 
ature dependent. This can be approximated for the 
laser heat cycle by [15] 

~2 = 2Do~x exP(R@p ) (12) 

where Q is the activation energy for the particular 
structural change, R is the gas constant, Do, ~, and 
are constants, and Tp is the peak temperature. 

Calculations, as well as experimental results, indic- 
ate that the diffusion phenomenon of carbon in 
a low-carbon steel is significant and consequently a 
modification of parameters, especially of a, may be 
induced. However, in austenitic stainless steels, it 
may be assumed that the magnitude of this effect is 
negligible. 

(b) Creep may occur during the heat cycle. Predic- 
tion of its magnitude is difficult to perform, because 
various parameters must be known: in addition to the 
complete heat cycle, the knowledge of the variation as 
a function of temperature of different properties, such 
as Young's modulus and elastic limit, are required. 
Precise values have not yet been reported in the liter- 
ature and hence computation results are limited. 

6. Conclusion 
Reproducibility of residual stress fields obtained after 
laser coating make it possible to determine the pertin- 
ent parameters of the materials. By using a phenomen- 
ological approach based on a decomposition of the 
specimen into three parts, it is shown that three phe- 
nomena have to be taken into account. 

1. Thermal contraction effects in the different 
blocks: they determine the sign of the residual stresses. 

2. Creep in heat-affected zone: sign and level of 
stresses depend on its magnitude. 

3. Thermal gradients induced by laser heating: they 
influence the dimension of each block. 

From these parameters and with knowledge of ther- 
mophysical properties of the materials, a good qual- 
itative prediction of residual stress fields produced by 
a given coating is then possible. This information is 
sufficient in a first approach, to choose appropriate 
materials. To improve the precision of the results, 
more precise computation codes have to be developed. 
Here the difficulty orginates from a lack of precise 
data concerning physical and mechanical properties of 
materials and especially concerning their temperature 
evolution. 
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