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A N A L Y S I S  O F  F O R M I N G  T H E  S T R U C T U R E  A N D  P R O P E R T I E S  

O F  A M E T A L  D U R I N G  L A S E R  HARDENING 

V. V. Sobolev and P. M. Trefilov UDC 621.373.826.004.14 

A mathematical model of  forming the structure and the properties of  a metal under laser treatment involvingflashing 

is proposed. The model takes account of  the processes in a transient two-phase zone. It is shown that the parameters 

of  a dendritic structure and excess components, a dislocation density, porous structure characteristics, ultimate 

strength yield stress, and relative elongation nonmonotonicalty depend on the laser treatment parameters and metal 

plate dimensions. The calculated results are in fair agreement with experimental data. 

Hardening of metals and alloys involving laser treatment is an effective technology of obtaining high-quality materials 

[1-4]. Thermal processes during laser t reatment with internal heat release at phase transitions are studied in [2]. The urgent 

problem is the analysis of these processes with an account of a two-phase state of a metal and forecasting of its structure and 

properties under hardening conditions. These aspects are the subject matter of the present article which is the continuation of 

work [5] concerned with investigation of the thermal state of a metal under hardening. 

We shall consider thermal hardening of an aluminum alloy plate of thickness b, which is much less than its longitudinal 

dimensions. Let the plate move in the direction of the axis z at velocity w and the laser radiation source be immovable. The axis 

x runs across the plate and the origin of the Cartesian system (x, z) is on its surface. The process scheme and formulation of the 

heat problem of metal hardening are given in [5]. 

Consideration was given to hardening by heat treatment of the plate made of aluminum alloy AMg6. In the basic 

calculations, b = 20 mm, w = 25 mm/sec, the zone length of laser radiation action was l c = 0.5 mm, the specific heat flux 

produced by the radiation q = 6.108 W/m 2, temperatures of a cooling medium on the side of the upper and lower surfaces of 

the plate Tbl = Tb2 = 20~ and the coefficients of  heat transfer from the above surfaces a = /3 = 100 W/m 2 .K. As the 

temperature of hardening completion, T m = 546~ was assumed, at which a cross section (a port ion) of a liquid phase was S = 

0.05. 

After determining the thermal state of the metal [5], we have analyzed the formation of its crystalline structure. The 

investigation of structured zones by the procedure described in [6, 7] shows that in the course of metal hardening pillar crystals 

are mainly formed. They are characterized by two main parameters, i.e., a thickness ~ of dendritic axes of the first order and a 

distance ~ between the secondary branches of dendrites [8, 9]: 

= bo [D(TL - -  Tin) vc'--lll/2, , (1) 

- - ( t  

rt = alv~ �9 (2) 

Here D is the diffusion coefficient of an impurity (magnesium); v c is the cooling rate; a, a>  b 0 are the numerical coefficients. In 

calculations, v c was determined on an isothermal surface of pouring out where a portion of a liquid phase was S = 0.4; b 0 = 1; 

a = 380, a 1 = 0.4 [10]. 
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Fig. 1. Distribution of ultimate strength (1), yield stress (2), relative elonga- 
tion (3), dislocation density (4), and time of complete elimination of intra- 

crystallite liquation (5) with respect to the hardened metal layer. Orb, or0.2, 

MPa; c~, %; p, cm-2; rb, sec; x, mm. 

Also of interest are mean values ~a, r]a of the quantities ~, r/, respectively: 

x b Xb 

~ =  X~ l !" ~(x) dx,  ~ l= Xb l j" Tl(x) dx" (3) 
0 0 

One of the important defects of a metal structure is gas shrinkage porosity. Proceeding from theoretical considerations devel- 

oped in [11, 12], we may show that the pressure P in the liquid part of a two-phase zone changes as follows: 

8~,+ i dx ~ oS_ dx. 
P = P~ + pe~L (z) + ;~ mS ;~ Oz (4) 

Here Pa is the atmospheric pressure; g the gravitational acceleration; e the relative shrinkage; ~t the dynamic viscosity; m the 

permeability of a two-phase zone. As in [ l l ,  12] it is assumed that 

Within the frames of the quasiequilibrium two-phase zone theory [13] we write: 

S = [(Th - -  Tz)(Th - -  T)-I] (I-h)-'-. (6) 

During hardening, the pressure P in a melt decreases due to shrinkage. If it becomes less than Pg of gases in a liquid 

metal, the melt fails to be continuous, there are formed gas bubbles which because of their small size and large branching of the 

dendritic structure of a two-phase zone do not evolve from it and after hardening form pores [8, 11]. A failure of the melt 

continuity occurs at S = S. and the quantity V = eS. determines the relative volume of pores, while the parameter y deter- 
mines their radius [14]: 

7 = o,5~ q/v. (7) 

The pore density n per unit volume is found from the relation: 

4 
n = V [Vp (1 - -  V)]-I, Vp = 7t7 ~, (8) 

3 

where Vp is the volume of a single pore. 

The main quantitative structure characteristics of a cast metal include mean thickness m0, specific surface S O and volume 

fraction Q of excess components, dislocation density P0, ultimate strength Oh, yield stress %.2, and relative elongation d. 

According to [10] the above quantities for the alloy A l - M g  under consideration are expressed in terms of the parameters ~ and 
r/ of a dendritic structure as: 
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Fig. 2. Mean values of the dendritic structure parameters r/a (1-5) and ~a (6-10) vs / c (1, 6), w (2, 7), q (3, 8), b 

(4, 9), and T O (5, 10). r/a, ~a,/~m; l c, b, mm; w, mm/sec; q, W/me; To, ~ 

Fig. 3. Mean values of the characteristics of inclusions of excess components m0a (1-5) and S0a (6-10) vs I c (1, 

6), w (2, 7), q (3, 8), b (4, 9), and T O (5, 10), moa , ~m; S0a, mmZ/mm 3. 

m o =  2,3 + 0,05~1, So = 181gvc, Q : moSo/40, 9o ~- 1,29.1080o0-1, 

a b : 8 3 , 6 + 5 2 , 8 ~  -1/2, ao, ~ =  1 3 0 +  12,4~ -1/2, 5 : 8 , 3 6 + 2 , 6 ~  -1/2. 

Here 00 is the angle of joining the dendritic cells which, based on experimental data, was taken equal to one degree. In the 

expression for Po it is given in radians. The above quantities are measured in the following units: mo, kern; So, mm2/mm 3, Po, 

cm-2; Q, 6, %; ab, %.2, MPa. The coefficients in the expressions for %, %.2, and 6 have been corrected in conformity with the 

available experimental data [14]. 

Also of interest in the hardening technology is the time r b of complete elimination of intracrystallite liquation at 

homogenizing annealing of the hardened metal which, in the case of the alloy under discussion, is expressed in terms of r/ as 

follows [10]: 

T b = 1,45~lz/(~Ds), 

where D s is the diffusion coefficient of magnesium in a solid phase. 

Now let us analyze the calculation results. The parameters of a dendritic structure ~, 7/and inclusions of excess compo- 

nents m0, So, Q nonmonotonically change with respect to the height of the hardened layer. The quantities m0, ~/, ~, Q increase 

in the direction from the upper plane x = 0 to x = b, attain maximum values at x = 0.95 mm, then decrease, become minimal 

near the lower end of the plate, and increase as far as the plane x = b approaches. The parameter S o decreases at a distance 

from the upper surface of the plate, attains its minimum, then increases, becomes maximal and decreases in the direction of the 

plane x = b. Such behavior of the above parameters is attributed to the corresponding changes of the temperature gradient G 

and crystallization rate v k with respect to the thickness of the hardened metal layer. The quantity G monotonically increases 

from x = 0 to x = b. The crystallization rate v k decreases in the same direction. It is at its maximum on the surface x = 0 which 

also follows from the shape of isotherms abruptly emerging at this surface. As a result, the cooling rate Vc, determined by the 
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Fig. 4. Mean values of a volume share of inclusions of excess components Qa (1-5) and dislocation density P0a 

(6-10) vs l c (t ,  6), w (2, 7), q (3, 8), b (4, 9), and T O (5, 10). Qa, %; P0a, cm-2" 

Fig. 5. Mean values of ult imate strength Crba (1-5) and yield stress %.2a (6, 10) vs l c (1, 6), w (2, 7), q (3, 8), b 

(4, 9), and T O (5, 10). Crba , %.2a, MPa. 

TABLE 1. Mean Values of the Relative Volume, Radius and Density of Pores 

Versus the Parameters of Laser Hardening and a Plate 

~O,wI m 2 'Ta' lc~ rfffa q' b, ggrl To, ~ V(z, % 7~, ~I 101~ t , J -~  

0,5 
0,25 
1,0 
0,5 
0,5 
0,5 
0,5 
0,5 
0,5 
0,5 
0,5 

/s 

25 6 
25 6 
25 6 
I0 6 
35 6 
25 4 
25 I0 
25 6 
25 6 
25 6 
25 6 

20 
20 
20 
20 
20 
20 
20 
10 
15 
20 
20 

20 
20 
20 
20 
20 
20 
20 
20 

10o 

0,029 
0,030 
0,029 
0,025 
0,033 
0,030 
0,035 
0,031 
0,030 
0,031 
0,032 

0,53 
0,48 
0,45 
0,42 
0,51 
0,51 
0,50 
O, 36 
0,44 
O, 69 
0,51 

6,95 
13,36 
8,18 
9,54 
8,51 

10,04 
5.89 

19,61 
7,83 
6,20 
6,13 

product of quantities v c = VkG nonmonotonically changes with respect to the thickness of the hardened layer that is responsible 

for the behavior of r/, ~, mo, Q, and S 0. 

By analogy the mechanical propert ies of the hardened metal Orb, 6, % 2 '  dislocation density Po, and time ~b nonmono- 

tonically change with respect to the thickness of the hardened layer (Fig. 1). The quantities %, or0.2, d, and PO decrease at a 

distance from the upper plate surface, attain their minimum, then increase, attain their maximum near the lower plate end and 

decrease as they approach it. The parameter  r b behaves in the same manner as ~, r/. 

Mean values of the dendrite parameters Ca, ~]a increase with lc, q, T O and decreasing of w, b (Fig. 2). After b --~ 16 ,  

these quantities practically do not change. 
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Fig. 6. Mean values of relative elongation 6 a (1-5) and time of complete elimi- 

nation of intracrystallite liquation rba (6-10) vs l c (1, 6), w (2, 7), q (3, 8), b 

(4, 9), and T O (5, 10). 6a, %; Zba ,sec.  

Using the formulas similar to [3], we have also determined mean values m0a , S0a , Qa, P0a, Crba, ~ 6a, and "gba Of the 

parameters m0, So, Q, P0, ab, %.2, 6, and rb, respectively. 

The parameters m0a, Qa increase with increasing lc, q, T O and decreasing w, b (Figs. 3, 4). The quantity S0a, P0a increases 

with increasing lc, q, To and decreasing w, b. All  the above parameters practically do not change after b = 16 mm. 

Mean values Va, Xa, na of the relative volume, radius and density of pores determined by formulas analogous to (3) are 

listed in Table 1. The parameter  V a decreases with increasing lc, b, decreasing w and nonmonotonically depends on q, To, and 

attains its minimal values at q = 6.108 W/m 2 .K and T O = 20~ The parameter  Ya increases with increasing b, decreasing To, 

and nonmonotonically changes in dependence on lc, w, q. It has maximal values at l c = 0.5 mm, w = 25 mm/sec, q = 6.108 W/m 2 .K. 

The quantity n a decreases with q, b and behaves nonmonotonically with increasing lc, w, To, attaining its minimal values at l c = 

0.5 mm, w = 25 mm/sec and maximal values at T O = 20~ 

Analysis has been also made of metal hardening in the case of laser hardening of the plate prepared from 08KhlSN10T 

steel when w = 30 mm/sec, a depth of melting through the metal being 3 mm. This value is between the predicted values x b and 

x m equal to 2.92 and 3.46 mm, respectively. According to [4], the sizes of crystalline grains in the steel crystallized after laser 

treatment involving flashing off the material are 3-20/xm. These values are determined by the ~ values which lie in the given 

range (7-14 pm).  

CONCLUSIONS 

1. A thickness of the dendritic axes of the first order and a distance between secondary branches of dendrites nonmono- 

tonically change with respect to a thickness of the layer to be hardened. At  first they decrease as the distance from the plate 

surface becomes longer, attain their maximal values, then decrease, and increase once more after attaining their maximum values. 

2. Mean values of the above dendrite parameters increase with the temperature of the metal before laser treatment, 

density, and width of the zone of laser radiation action. They increase as the treatment rate and plate thickness decrease. 

3. The crystalline structure of the laser-hardened metal is more dense and fine-dispersed than in ingots and cast pieces. 
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4. The mean thickness and volume share of inclusions of excess components change with respect to the hardened layer 

cross section in the same manner as the parameters of a dendritic structure. A specific surface of these inclusions decreases at a 

distance from the upper surface of the plate, attains its minimal value, then decreases and after attaining its maximum again 

decreases. 

5. Ultimate strength, yield stress, relative elongation and dislocation density nonmonotonically change with respect to a 

thickness of the hardened layer similarly to S 0. The time of complete elimination of intracrystallite liquation at homogenizing 

annealing also nonmonotonically changes in the same manner as ~ and r/. 

6. The dependences of pore formation on laser treatment characteristics are established. It is shown that the mean 

relative pore volume decreases with increasing lc, b, decreasing w and nonmonotonically depends on q, T 0. A mean value of the 

pore radii increases with increasing b, decreasing To, and nonmonotonically changes with lc, w, q. A mean value of a pore density 

decreases with increasing q, b and nonmonotonically changes with increasing lc, w, T 0. 

7. The calculation results are in fair agreement with experimental data. They may be used to predict the structure and 

properties of the hardened metal subjected to laser treatment with flashing out. 
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